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ABS TRACT 

The t y p e  of t h e r m a l  c o n t r o l  s y s t e m  o r  s y s t e m s  r e q u i r e d  for 
a g i v e n  s p a c e  v e h i c l e  depends  n o t  o n l y  on t h e  e x t e r n a l  s p a c e  

e n v i r o n m e n t  and  c o n s e q u e n t l y  t h e  m i s s i o n ,  b u t  a l s o  upon t h e  

i n t e r n a l  h e a t  d i s s i p a t i o n ,  t h e  size a n d  s h a p e  of  t h e  v e h i c l e ,  t h e  

l e n g t h  o f  o p e r a t i o n  t i m e ,  t h e  a l l o w a b l e  t e m p e r a t u r e  r a n g e ,  a n d  

the n a t u r e  of  t h e  p a y l o a d  and equ ipmen t  on board .  A g e n e r a l  

a n a l y e i s  of t h e r m a l  c o n t r o l  systems i s  r e q u i r e d .  A c o n v e n t i o n a l  

as  well as t h e  more r e v o l u t i o n a r y  t h e r m a l  c o n t r o l  s y e t e a e  are  

d i s c u s s e d  w i t h  r e s p e c t  t o  the  exterqal  t h e r m a l  e n v i r o n m e n t s  which  

may be e n c o u n t e r e d ,  E q u a t i o n s  ape dCveloped  t o  d e f i n e  t h e  s y s t e m s  

w i t h i n  t h e  s c o p e  of  a g e n e r a l  r e p o r t ,  P a r t i c u l a r  t h e r m a l  c o n t r o l  

s y s t e m s  a re  a n a l y z e d  f o r  a p p l i c a t i o n  on r e p r e s e n t a t i v e  p r e s e n t  

and  f u t u r e  m i s s i o n e ,  w i t h  a n  a t t e m p t  t o  a r r i v e  a t  s y s t e m s  which  

w i l l  o p t i m a l l y  a c c o m p l i s h  t h e  t h e r m a l  c o n t r o l  a s p e c t 8  o f  p a r t i c u l a r  

m i s s i o n s .  C o n c l u s i o n s  are drawn w i t h  r e s p e c t  t o  the t y p e  o f  

t h e r m a l  c o n t r o l  system f o r  uae on p a r t i c u l a r  missions. 

T h i s  work r e p r e s e n t s  a p o r t i o n  of  t h e  s t u d y  b e i n g  p e r f o r m e d  

u n d e r  C o n v a i r  A s t r o n a u t i c s  REA 111-9121. 
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INTRODUCTION 

The t h e r m a l  c o n t r o l  o f  a s p a c e  v e h i c l e  depends  u l t i m a t e l y  

OD t h e  e n e r g y  i n t e r c h a n g e  between t h e  v e h i c l e  and  i t 8  env i ronmen t .  

The e x t e r n a l  p o t e n t i a l  h e a t i n g  l o a d s  on s u c h  a v e h i c l e  were 

d i s c u e e e d  i n  d e t a i l  i n  R e f e r e n c e  1, c a l c u l t t t e d  a n d  p r e s e n t e d  

g r a p h i c a l l y  i n  k f e r e n c e e  1 and 2 and t a b u l a t e d  i n  R e f e r e n c e  3. 

T h i s  p r e s e n t  d i e c u e s i o n  t r o a t e  t h e  c o n t r o l  of t h i s  i n c i d e n t  

e n v i r o n m e n t a l  h e a t i n g  as w e l l  as c o n t r o l  of t h e  i n d u c e d  ( i n t e r n a l )  

t h e r m a l  e n v i r o n m e n t  of t h e  v e h i c l e ,  w i t h  t h e  u l  t imste  o b j e c t i v e  

b e i n g  t h e  m a i n t e n a n c e  o f  a l l  compcinents a n d  s y s t e m s  o f  t h e  v e h i c l e  

w i t h i n  t h e i r  a l l o w a b l e  o p e r a t i n g  t e m p e r a t u r e  r a n g e  The e x t e r n a l  

t h e r m a l  1 W d s  on a v e h i c l e  above t h e  e a r t h ' s  a t m o s p h e r e ,  a8 p o i n t e d  

o u t  i n  R e f e r e n c e  1 ,  c o n s i s t  e s s e n t i a l l y  of  t h e  r a d i a n t  t h e r m a l  

e n e r g y  i n c i d e n t  o n  t h e  v e h i c l e  due  t o  d i r e c t  s o l a r  h e a t i n g ,  

p l a n e t a r y  r e f l e c t e d  s o l a r  e n e r g y  ( a l b e d o )  and p l a n e t a r y  t h e r m a l  

r a d i a t i o n  f rom a n e a r  p l a n e t  by  v i r t u e  o f  i t 8  e f f e c t i v e  t e m p e r a t u r e .  

If  t h e  v e h i c l e  i s  more t h a n  t h r e e  p l a n e t  d i a m e t e r s  d i s t a n t  f rom 

the  p l a n e t  t h e  c o n t r i b u t i o n s  due t o  al .bedo and  p l a n e t a r y  r a d i a t i o n  

a r e  n e g l i g i b l e  l e a v i n g  d i r e c t  s o l a r  r a d i a t i o n  as t h e  o n l y  e x t e r n a l  

s o u r c e  of  h e a t i n g .  T h i s  c o n d i t i o n  h a s  b e e n  r e f e r r e d  t o  as t h e  

f r e e  s p a c e  e n v i r o n m e n t  w i t h  o n l y  e o l a r  h e a t i n g  b e i n g  t h e  e x t e r n a l  

s o u r c e  o f  h e a t i n g .  If t h e  v e h i c l e  i s  c l o a e  enough t o  t h e  p l a n e t  

t o  c o n s i d e r  p l a n e t a r y  h e a t i n g  e f f e c t s  t h e  c o n d i t i o n  h a s  been r e f e r r e d  

t o  a a  n e a r - p l a n e t a r y  envi ronment .  

The i n t e r n a l  h e a t  d i s s i p a t i o n  w i l l  b e  d i c t a t e d  by t h e  t y p e  of  

v e h i c l e  and  m i s s i o n  and w i l l  t o  a l a r g e  e x t e n t  d i c t a t e  the t y p e  

o f  t h e r m a l  c o n t r o l  s y s t e m  o r  s y s t e m s  f o r  t h e  v e h i c l e .  The range 

of  i n t e r n a l  h e a t  d i s s i p a t i o n  l e v e l s  f o r  v a r i o u s  B i e s i o r i s  were 

p r e d i c t e d  i n  R e f e r e n c e  1 a n d  are shown i n  T a b l e  4 .  T h e  " f i r e t  

g e n e r a t i o n "  v e h i c l e s  now o p e r a t i n g ,  f o r  the most p a r t ,  have i n t e r n a l  

d i s s i p a t i o n  l e v e l s  l o r  e n o u g h  t o  p e r m i t  the u s e  of  p a s s i v e  c o n t r o l  

t e c h n i q u e s  e x c l u s i v e l y .  P a s s i v e  c o n t r o l  techniques as  t h e  nilme 
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i m p l i e e  r e q u i r e  no moving parts and no v e h i c l e  power f o r  o p e r a t i o n .  

As more e n t h u s i a s t i c  m i s s i o n s  are  a t t e m p t e d  i n t e r n a l  power l eve ls  

a s  w e l l  a s  s i a e  are expected t o  i n c r e a s e  i n  which case a c t i v e  thermal 

c o n t r o l  systems w i l l  n o t  only be r e q u i r e d  t o  r e d u c e  t h e r m a l  g r a d i e n t .  

w i t h i n  t h e  v e h i c l e  but  a l s o  t o  a c h i e v e  t h e  u l t i m a t e  d i s s i p a t i o n  of 

t h e r m a l  energy from t h e  v e h i c l e .  

The purporre of t h i s  document i s  t o  e s t a b l i s h  t h o  t y p e  of t h e r m a l  

c o n t r o l  systems f o r  u s e  d u r i n g  p a r t i c u l a r  m i s s i o n s  a n d  t o  p r o v i d e  

handbook type s o l u t i o n s  f o r  d e s i g n  and  o p t i m i z a t i o n  of  t h e  t h e r m a l  

c o n t r o l  s y s t e m s .  

e q u a t i o n s  a d e q u a t e  f o r  d e s c r i b i n g  t h e  s y s t e m s  and  t h e n  t o  o p t i m i z e  

t h e  ays t em d e s i g n  as much as i s  p o s s i b l e  i n  a g e n e r a l  t r e a t m e n t .  

The approach  i n  t h e  p r e s e n t a t i o n  is t o  f i r s t  e e t a b l i s h  
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GENERAL DISCUSSION 

I PASSIVE rmItMAL CONTROL 

P a s s i v e  t h e r m a l  c o n t r o l  i s  b a s i c a l l y  t h e  u t i l i z a t i o n  of m i s s i l e  

c o n f i g u r a t i o n ,  s t r u c t u r e  a n d  v e h i c l e  p r i m a r y  a u r f s c e  t o  a c h i e v e  the 

n e c e s s a r y  r e g u l a t i o n  of t e m p e r a t u r e  w i t h i n  t h e  v e h i c l e  and on t h e  

s k i n .  The p a s s i v e  c o n t r o l  of e n e r g y  i n t a k e  f rom t h e  s u r r o u n d i n g s  a n d  

d i s s i p a t i o n  of  h e a t  f rom the v e h i c l e  i s  a c c o m p l i s h e d  by f i x e d  R u r f d c e a  

w i t h  s p e c i f i c  f i n i s h  p r e p a r a t i o n s  which t h u s  c a u s e s  t h e  degree o f  

c o n t r o l  t o  become f i x e d  d a r i n g  t h e  f d b r i c a t i o n  of the v e h i c l e .  The 

methods  and t e c h n i q u e s  a r e  d i s c u e s e d  g e n e r a l l y  i n  t h e  o r d e r  o f  

i n c r e a s i n g  c o m p l e x i t y .  

A. F i x e d  C o a t i n g s  

F i x e d  p a s s i v e  c o a t i n g s  have  been and w i l l  c o n t i n u e  t o  be 

u s e d  e x t c n e i v e l y  f o r  t h e  t h e r m a l  c o n t r o l  of small a a t c l l i t c a  wlth 

modera t e  d i s s i p a t i o n  and f o r  components  on l a r g e r  v e h i c l e s ,  a n d  

t o  a s s i s t  i n  t h e  t h e r m a l  c o n t r o l  on a l l  v e h i c l e s .  A s i m p l l f l e d  

a p p r o a c h  t o  t h e  problem w i l l  show t h e  e f f e c t  of t h e  t h e r m a l  

r a d i a t i o n  p r o p e r t i e s  of s u r f a c e  ma te r i a l s  a n d  d i s t a n c e  from 

t h e  s u n  on t e m p e r a t u r e  c o n t r o l  i n  f r e e  s p a c e .  I f  a f l a t  p l , * t e  

normal  t o  the s u n 7 s  r a y s  and i n s u l a t e d  on t h e  s i d e  away f rom 

t h e  s u n  i s  assumed somewhere i n  t h e  s o l a r  system, i t s  e q u i l i b r i u m  

t e m p e r a t u r e  w i l l  be g i v e n  a p p r o x i m a t e l y  by the f o l l o w i n g  e n e r g y  

b a l a n c e .  

where = s o l a r  a b s o r p t i v i t y  

= e m i s s i v i t y  
- 12 2 1  6‘ = S t e f a n  B o l t z m a n i s  c o n s t a n t = 1 7 1 3  x 10 R t u : h r - f t - C K ’  

s = i n c i d e n t  h e a t  f l u x  r a t e  f ro in  the qiin at, tlie ~?3sii~-7c(l  

l o c a t i o n  i n  t h e  s o l a r  ~ y s t e n , B t u . h r - f t ~  
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The h e a t  f l u x  r a t e  S var ies  as  t h e  i n v e r s e  o f  t h e  d i s t a n c e  from 

t h e  s u n  s q u a r e d  and i s  442 B t u / h r - f t 2  a t  t h e  e a r t h ,  

t h e  a d i a b a t i c  p l a t e  e q u i l i b r i u m  t e m p e r a t u r e  as  a f u n c t i o n  of 

r a t i o  of  t h e  s u r f a c e  and  d i s t a n c e  f rom t h e  s u n .  

F i g u r e  1 shows 

The e s s e n t i a l s  of p a s s i v e  t h e r m a l  c o n t r o l  of  a v e h i c l e  w i t h  

i n t e r n a l  h e a t  d i s s i p a t i o n  a r c  d e m o n s t r a t e d  by  a s t e a d y  s t a t e  e n e r g y  

b a l a n c e  on t h e  v e h i c l e  i n  f r e e  s p a c e  a s suming  a s p i n n i n g  or t u m b l i n g  

v e h i c l e  and  one ri t h  i n f i n i t e  t h e r m a l  c o n d u c t i v i t y  s k i n .  

9- = Q o u t  

T h e  e f f e c t  of  t h e  p a r a m e t e r s  on t h e  s a t e l l i t e  t e m p e r a t u r e  i s  

readily a p p a r e n t .  F i g u r e  2 shows t h e  v a r i a t i o n  o f  a v e r a g e  t e m p e r a t u r e  

of a s p h e r i c a l  v e h i c l e  i n  c i s - l u n a r  free s p a c e  (S may be  c o n s i d e r e d  

a c o n s t a n t  o f  442  B t u / h r - f t 2 ) ,  a a  a f u n c t i o n  o f  a n  i n t e r n a l  h e a t  

d i s s i p a t i o n  d e n s i t y  p a r a m e t e r  Qc,/& A T  and t h e  s u r f a c e  c h a r a c t e r i s t i c s  

p a r a m e t e r  e T h i s  f i g u r e  shows t h a t  as t h e  i n t e r n a l  h e a t  

d i s s i p a t i o n  d e n s i t y  become8 h i g h e r  t h e  v a r i a t i o n  o f v ~  h a s  less 

e f f e c t ,  i . e .  i n t e r n a l  d i s s i p a t i o n  becomes more i m p o r t a n t  t h a n  t h e  

s o l a r  h e a t i n g  of t h e  v e h i c l e .  For  modera t e  end l o r  i n t e r n a l  

d i s s i p a t i o n  d e n s i t i e s  t h e  ye r a t i o  e x h i b i t s  w i d e  c o n t r o l  over  the 

t e m p e r a t u r e ,  

t e m p e r a t u r e  d e c r e a s e s  f o r  h i g h e r  e m i s s i v i t y .  I t  i s  t h e r e f o r e  con-  

c l u d e d  that  t o  min imize  s a t e l l i t e  t e m p e r a t u r e  where i n t e r n a l  

d i s s i p a t i o n  i s  a problem t h e  % r a t i o  s h n u l t l  b e  minimized  a n ?  t h e  

e m i s s i v i t y  s h o u l d  be maximized, S i n c e  t h  4 r a t i n  f a r  random 

t u m b l i n g  o r  s p i n n i n g  v e h i c l e 9  is l o w e s t  f o r  a s p h e r e .  Figure 2 

p r o v i d e s  a n  i n d i c a t i o n  o f  the p r a c t i c a l  niaximum i n t e r n a l  g e n e r < : t i o n  

t h a t  may be d i s s i p a t e d  p a s s i v e l y  from t h e  p r i m a r y  surfi ice  of  a 

s p a c e  v e h i c l e  i n  c i ? ; - l t i n ; i r  -.i+jirc m n r c  0 t : t : ;  t ) i ! - e *  j ; ? * i $ . v :  G l ~ : + t : : ~ t ( . : *  

Ala0 f rom t h e  p a r a m e t e r  (jG,,",&A i t  is s e e n  t h a t  t h e  T 

r 



ZHH-AN-OS 1 
Page 6 

f rom t h e  e a r t h  w i t h  a g i v e n  maximum t e m p e r a t u r e ,  C o a t i n g s  a r e  

r e a d i l y  ava i l ab le  w i t h y e  = .25 and 6 = . 9 0 .  

p e r a t u r e  i s  l i m i t e d  t o  100°F which i s  n e a r  a maximum a l l o w a b l e  f o r  

a s a t e l l i t e  c o n t a i n i n g  e l e c t r o n i c  equ ipmen t  the maximum Q,k t h a t  

I f  t h e  s k i n  t e m -  

may be d i e s i p a t e d  i s  38 w a t t a / f t 2  s u r f a c e  and  p l a c e 8  a p r a c t i c a l  l i m i t  

on p a e s i v e  c o n t r o l .  

E n g i n e e r i n g  s u r f a c e s  a r e  r e a d i l y  a v a i l a b l e  which cat1 v a r y  t h e  

v a l u e  f rom . 2 5  t o  5 and some e x p e r i m e n t a l  s u r f a c e  c o a t i n g s  
a r e  b e i n g  d e v i s e d  which may i n c r e a s e  t h e  r a n g e  of v6 t o  .05 t o  10. 

T a b l e  2 ahows eamples  o f  s o m e  of t h e  more common e n g i n e e r i n g  s u r f a c e s  

w i t h  t h e i r  O( , E and "yt v a l u e s  as measu red  i n  R e f e r e n c e  ( 4 ) .  

A l t h o u g h  the  p a i n t s  e x h i b i t  bc a n d  v a l u e e  t h a t  a re  d e s i r a b l e  for 

t h e r m a l  c o n t r o l  i t  a h o u l d  be remembered t h a t  most p a i n t s  a r c  

r e l a t i v e l y  u n s t a b l e  a n d  v u l n e r a b l e  w i t h  r e s p e c t  t o  u l t r a v i o l e t  l i g h t  

and  m e t e o r i c  d u s t  e r o a i o n  a n d  a r e  n o t  s u i t a b l e  f o r  l o n g  term m i s s i o n s ,  

i . e . ,  t h o s e  l o n g e r  t h a n  a few d a y s ,  a n d  e v e n  t h e n  t h e  change  o f  

t h e r m a l  r a d i a t i o n  p a r a m e t e r s  w i t h  u l t r a v i o l e t  r a d i a t i o n  f o r  e x p o s u r e a  

o f  e v e n  a few h o u r s  must be considered. ( R e f e r e n c e s  5 ,  6 ) .  The 

c e r a m i c  and m e t a l l i c  mater ia l s  are somewhat m o r e  s t a b l e  t h a n  t h e  

p a i n t s  a n d  l e s a  a f f e c t e d  by u l t r a v i o l e t  r a d i a t i o n .  

S i n c e  a f u l l  r a n g e  o f  e m i s s i v i t i e s  and a b s o r p t i v i t i e s  c a n n o t  b e  

o b t a i n e d  w i t h  a fer s u r f a c e s ,  i t  is d e s i r a b l e  t o  combine s u r f a c e  

f i n i s h e s  t o  g ive  a l m o s t  any t h e r m a l  p a r a m e t e r s  d e s i r e d .  By f i n e l y  

s t r i p e d  o r  s p o t t e d  p a t t e r n s  w i t h  two r o d t i r i g s  h a v i n g  d i s s i m i l a r  

e m i s s i v i t i e s  a n d  s o l a r  a b s o r p t i v i t i e s , a v e r a g e  s u r f a c e  e m i s s i v i t i e s  

may b e  d e r i v e d  a c c o r d i n g  t o  t h e  e x p r e s s i o n  
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where  6 d e n o t e s  t h e  f r a c t i o n  of  area c o v e r e d  by one of  t h e  c o a t i n g s ,  

The s o l a r  a b e o r p t i v l t g  i e  g i v e n  e i m i l a r l y  b y  

B .  V a r i a t i o n  of Geometry and O r i e n t a t i o n  

E q u a t i o n  2 a l e o  i n d i c a t e s  the i m p o r t a n c e  of  t h e  r a t i o  o f  

p r o j e c t e d  area i n  t h e  sun d i r e c t i o n  t o  t h e  t o t a l  v e h i c l e  a r ea  

e s p e c i a l l y  i n  t h e  c a s e  o f  v e h i c l e s  w i t h  low i n t e r n a l  g e n e r a t i o n  

d e n s i t y  a n d / o r  v e h i c l e s  r e q u i r i n g  c r y o g e n i c  p r o p e l l a n t  s t o r a g e  

i n  s p a c e .  

a n d  o r i e n t a t i o n .  For p u r p o s e s  o f  c o m p u t a t i o n  and  t h e r m a l  

p r e d i c t i o n  i t  i s  a d v a n t a g e o u s  t o  h a v e  c u r v e s  s h o r i n g  t h e  r a t i o ,  

A ~ / A T  f o r  common v e h i c l e  g e o m e t r i e s  a n d  g e n e r a l  o r i e n t a t i o n  

w i t h  r e s p e c t  t o  t h e  s u n .  

( c o n s t a n t ) .  I t  i e  e s p e c i a l l y  of  i n t e r e s t  t o  have p l o t t e d  t h e  

A ~ / A T  f o r  l a t e r a l  a r e a s  o f  g e o m e t r i c  f i g u r e s  o n l y  as t h e s e  may 

be  u s e d  t o  d e t e r m i n e  Ap/AT r a t i o s  f o r  v e h i c l e s  formed o f  compos i t e  

e i m p l e  g e o m e t r i e s .  

t o  as ~ p / %  

The A ~ / A T  r a t i o  may b e  c o n t r o l l e d  by  c o n f i g u r a t i o n  

For  a s p h e r e  t h e  r a t i o  A ~ / A T  = - 2 5  

T h e  Ap/AT f o r  l a t e r a l  a r e a e  w i l l  b e  r e f e r r e d  

For II c y l i n d e r  Ap/As is g i v e n  by  

where i s  t h e  o r i e n t a t i o n  a n g l e  be tween  t h e  a x i s  o f  t h e  

c y l i n d e r  a n d  t h e  v e h i c l e - s u n  v e c t o r -  T h i s  a r e a  r a t i o  is shorn 

p l o t t e d  i n  F igure  3 a4 a f u n c t i o n  o f  t h e  o r i e n t a t i o n  a n g l e ,  p .  
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F o r  a hemisphere  Ap/Xs i s  g i v e n  by 

Figure 4 shows t h i s  area r a t i o  am a f u n c t i o n  o f  t h e  o r i e n t a t i o n  

a n g l e .  S i n c e  thiR geometry i s  l a c k i n g  i n  the  e n d - f o r - e n d  

symmetry p r e s e n t  i n  t h e  r a s e  o f  t h e  c y l i n d e r ,  v a l u e s  o f t f r o m  

O-18Uo must be c o n e i d e r e d .  

The expression f o r  R c o i i t ~  is sor l ,pnhr i t  more c o m p l e x  i n  t h a t  

a new parameter ( 1 t ; D )  must be rr i troduced.  H is t h e  h e i g h t  a n d  

I) I S  the dlarneter of t h e  b a s e .  L i m l t i n g  c o n d l t i o a s  must b e  

c o r r s i d e r e d  i n  the  c a i c u 1 , l t i o n s  o f  A,,;'.l o f  a c o n e .  hhen 5 

- I  I -'-L < d * < I S O - t a ,  - 
when t a n  z("/d 2&D) 



0 

i s  shown g r a p h i c a l l y  i n  F i g u r e  5 as a f u n c t i o n  of ) c one 

o r i e n t a t i o n  angle, fl , wkth H / D  r a t i o  as p a r a m e t e r .  

The e x p r e e s i o n  ( A  /A ) f o r  a f l a t  p l a t e  is g i v e n  s i m p l y  

f o r  one s i d e  f o r  @( 90° as 

P s  

= 
( 9 )  

where i s  the a n g l e  " e t r e e n  t h e  normal  and t h e  v e c t o r  t o  t h  erun. 

F o r  p> 9 0 , ( A p / A s ) f p  P 0, t h e  f u n c t i o n  i e  s h o r n  p l o t t e d  i n  

F i g u r e  6. 

By a c o m b i n a t i o n  o f  t h e  f u n c t i o n s  shown i n  F i g u r e s  3 t h r o u g h  

6 i t  is p o a s i b l e  t o  b u i l d  an Ap/AT f o r  most  v e h i c l e  g e o m e t r i e e .  

T h i s  s o l u t i o n  may be accompl i shed  a s  follows f o r  a g e n e r a l l y  

convex  v e h i c l e .  

The Ap/AT f o r  some common c o m p o s i t e  v e h i c l e  g e o m e t r i e s  h a v e  b e e n  

computed a n d  i n c l u d e d  i n  t h i s  document.  

f o r  a c y l i n d e r  w i t h  f l a t  e n d s  a s  a f u n c t i o n  of o r i e n t a t i o n  a n g l e .  

F i g u r e  7 shows (Ap/AT)  

p9 w i t h  t h e  l e n g t h - d i a m e t e r  r a t i o n  ( L / D )  as  p a r a m e t e r .  
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(*p/*T)cyl -fp wae computed by the following equation. 

Also included as an indication o f  time average ( A  /A ) 

a tumbling cyliqder, Figure 14 shore A /A 

end-over-end in a plane containing the vehicle-8un vector. 

f o r  P T avg 
f o r  a cylinder tumbling P T  

Figure 8 shows (Ap/AT) for a cylinder with hemispherical 

end cloaurcs, as a function of 8 r i t . h  (R/D) as parameter and 
was computed from 

Figure 14 shows the time average ( A  / ) f o r  a cylinder with 

hemispherical end closures tumbling at a constant rate in a plane 

containing the vehicle-sun vector. 

P "T avg 

Figure 9 a h o r s  ( A  /A ) for a hemispherical surface including P T  
the flat plate base and was computed from the equations 



The value for is independent of the size of the 

hemisphere and is shown in Figure 14. 

Figure 10 shows (A /A ) for a conical surface including the P T  

base an a function of a* with (H/D)  as parameter and waa computed 

by the following equations. When $ 

- -- 



4 
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a 

C .  

, 

F i g u r e  1 4  shows (Ap/AT)a,g f o r  tumble  i n  a p l a n e  c o n t a i n i n g  t h e  

v e h i c l e  s u n  v e c t o r .  

The area  r a t i o  was c a l c u l a t e d  by e q u a t i o n  (10) u s i n g  d a t a  

f rom F i g u r e s  ( 3 ) p  ( 5 )  & ( 6 )  f o r  a c o n e - c y l i n d e r  w i t h  a f l a t  p l a t e  

e n d  c l o s u r e ,  as t h i s  geometry  a p p r o x i m a t e s  t h e  s h a p e  of  many 

v e h i c l e s .  The r e s u l t s  a r e  i n d i c a t e d  p a r a m e t r i c a l l y  i n  F i g u r e s  

11, 12 a n d  13. 

H e c t a n g u l a r  F i n n e d  S u r f a c e s  

Sometimes p a s s i v e  t h e r m a l  c o n t r o l  s u r f a c e s ,  e x p e c i a l l y  o f  

P m a l l  components ,  are f i n n e d  f o r  r e a s o n s  o t h e r  t h a n  s p a c e  t h e r m a l  

c o n t r o l .  

see  s p a c e  d i r e c t l y  b u t  r e q u i r e  f i n s  f o r  ground c o o l i n g  p r i o r  t o  

l a u n c h ,  

e m i s s i v i t y  a n d  s o l a r  a b s o r p t i v i t y  of a n  i s o t h e r m a l  f i n n e d  s u r f a c e .  

An a p p r o x i m a t i o n  of  the e f f e c t i v e  e m i s F i v i t i t s  and a b s o r p t i v i t i e s  

o f  f i n n e d  s u r f a c e s  may be o b t a i n e d  by  a n  e x a m i n a t i o n  of t h e  t h r e e  

d i m e n s i n n a l  view of  space from v a r i o u s  p o i n t s  o n  t h e  f i n n e d  

s u r f a c e  as w e l l  as a c o n s i d e r a t i o n  of i n t e r r e f l e c t i o c l s  w i t h i n  

T h i s  i s  t r u e , f o r  ins tance ,  o f  e l e c t r o n i c  packages  which 
I 

I t  i s  n e c e s s a r y  i n  t h e s e  c a s e s  t o  p r e d i c t  a n  e q u i v a l e n t  
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the fin structure. The assumption is made that the fins are 

infinite in length. For ease of  analysis the fin and land 

will be analyzed separately. The fin geometry is shown in 

the following figure. 

Geometry for View Factors on Land 

The local view factor on the land and fin may be computed 

from fuqdamental considerations and calculus or by the mathematical 

application of  the radiation hemisphere graphical method (Ref eccnce 
26) assuming diffusely radiating surfaces. The local view factor 

on the land ie given by the f.olloning equation 
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= 0 )  = 1 . 0 ,  PZ which haa  t h e  e x p e c t e d  extremes Pi (d1  = 

F1 (ffl  P #2 P r/2) PD 0 .  

computed f o r  a given x+ = x/B f rom 

The cut o f f  a n g l e s  #1 and g2 may be 

The l o c a l  l a n d  v i e r  f a c t o r s  a re  p l o t t e d  i n  F i g u r e  15 as a f u n c t i o n  

of  x* w i t h  H/B a5 p a r a m e t e r .  

a c c o m p l i s h e d  a n a l y t i c a l l y  a n d  p e r m i t t e d  p l o t t i n g  a n  a v e r a g e  l a n d  

v i e r  f a c t o r  as a f u n c t i o n  o f  Ii/B and  i s  shown i n  Figure 17.  

I n t e g r a t i o n  of t h e s e  c u r v e s  is 

The l o c a l  v i e r  f a c t o r s  on the f i n  may be computed s i m i l a r l y .  

The p a r a m e t e r s  are i n d i c a t e d  i n  t h e  f o l l o w i n g  f i g u r e .  

Geometry f o r  View F a c t o r s  on F i n  
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The l o c a l  f i n  view f a c t o r  c a n  be shown t o  b e  

where jd is d e f i n e d  by  1 

f unc ti n 

J 

The l o c a l  f i n  view f n c t o r s  were p l o t t e d  a f y* w i t h  

B/H as p a r a m e t e r  and  a r e  shown i n  F i g u r e  16. A n a l y t i c a l  i n t e g r a t i o n  

of t h e s e  c u r v e s  p e r m i t t e d  p l o t t i n g  a n  average f i n  view f a c t o r  as 

a f u n c t i o n  o f  H/B a n d  i s  shown i n  F i g u r e  17.  

To c o n v e r t  s u r f a c e  e m i s s i v i t i e s  and s o l a r  a b s o r p t i v i t i e s  

to e f f e c t i v e  va lues  f o r  f i n n e d  s u r f a c e  e n v e l o p e s ,  a m u l t i p l y i n g  

f a c t o r  was d e f i n e d  and d e s c r i 2 ? e e  t h e  a p p a r e n t  i n c r e a s e  i n  f i n n e d  

s u r f a c e  e m i s s i v i t y  and  a b s o r p t i v i t y  due t o  i n t e r  r e f  l e c t i o n m  

w i t h i n  t h e  f i n  s t r u c t u r e .  

f wan e s t i m a t e d  f rom a weigh ted  c o n s i d e r a t i o n  of t h e  a p p a r e n t  

i n c r e a s e  i n  e m i s s i v i t y  due t o  i n d i v i d u a l  e f f e c t s  of  i n t e r  r e f l e c t i o n s  

f o r  t h e  f i n  and l a n d  a u r f a c e s .  F o r  e e t i m a t i o n  p u r p o s e s  t h r e e  

i n t e r  r e f l e c t i o n s  on a l l  s u r f a c e s  were c o n s i d e r e d .  Average  view 

f a c t o r s  were assumed between s u r f a c e s '  and were computed a s  f o l l o w s .  
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The s u b s c r i p t  numbers r e f e r  t o  t h e  p r e v i o u s  f i g u r e .  

f i s  t h e n  g i v e n  a p p r o x i m a t e l y  by 
c 

f i s  shown as  o f  JI/q i n  F i g u r e  18, I n  view o f  t h e  

a p p r o x i m a t i o n s  u s e d ,  f a s  computed above  i s  assumed t o  a p p l y  

e q u a l l y  w e l l  t o  the  a b s o r p t i v i t y ,  e eq and e q  must approach 

1 a:. -- 00. :'he area used  w i t h  6 e q  and K e q  s h o u l d  be t h e  

f i n n e d  s u r f a c e  e n v e l o p e  a r e a .  
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I). I n s u l a t i o n s  

I n s u l a t i o n  o f  a v e h i c l e  su r f ace  i s  a n  example  of p a s s i v e  

c o n t r o l  and i s  somewhat more complex  m a t h e m a t i c a l l y  and p r a c t i c a l l y  

t h a n  s i m p l e  s u r f a c e  c o a t i n g .  

8) t h a t  f r o m  a w e i g h t  s t a n d p o i n t  m u l t i p l e  f i l m  r a d i a t i o n  s h i e l d i n g  

is a b e t t e r  s p a c e  i n s u l a t i o n  t h a n  c o n v e n t i o n a l  i n s u l a t i o n s  

e s p e c i a l l y  a i n c e  the vacuum i a  r e a d y  madt.  The a d v a n t a g e  i n  

f a v o r  o f  r a d i a t i o n  s h i e l d i n g  i s  l e s s ,  the h i g h e r  t h e  o u t e r  s k i n  

t e m p e r a t u r e  rises. However, f o r  h i g h  s u r f a c e  t e m p e r a t u r e s ,  

i . e . ,  c l o s e  t o  t h e  Bun, m e t a l l i c  s h i e l d i n g  is a g a i n  of  a d v a n t a g e  

I t  h a s  been  d e m o n s t r a t e d  ( R e f e r e n c e  

f rom a t h e r m a l  i n t e g r i t y  s t a n d p o i n t ,  R a d i a t i o n  s h i e l d i n g  i s  

e s p e c i a l l y  i m p o r t a n t  i n  t h e  p r o t e c t i o n  of c r y o g e n i c  f l u i d s  con-  

t a i n e d  in s p a c e  v e h i c l e s .  G e n e r a l  e q u a t i o n s  f o r  s t u d y i n g  t h e  

c o n v e n t i o n a l  i n s u l a t i o n s  and r a : i i d t i o n  s h i e l d  i n e n l a t i o n s  are 

r e a d i l y  d e v e l o p e d  f o r  t h e  s t e a d y  s t a t e  c o n d i t i o n  ( R e f e r e n c e  8 ) .  

A s t e a d y  s t a t e  energy b a l a n c e  at the o u t e r  s u r f a c e  o f  t h e  

i n s u l a t i o n  o r  r a d i a t i o n  s h i e l d i n g  y e i l d s  

( 2 6 )  

The a b s o r b e d  e n e r g y  itlay be d i v i d e d  i n t o  two components ,  

a b s o r b e d  e n e r g y  of solar wave l e n g t h s  a n d  a b s o r b e d  e n e r g y  

o f  I ong wave l e n g t h  

( 2 7 )  

where, s i n c e  t h e  t e m p e r a t u r e  of  t h e  o u t e r  s u r f a c e  w i l l  

c o r r e s p o n d  t o  1 onp wave r a d i a  t i  or1 t h e  f o l 1  oipi rig " g r e y  b o d y "  

r e l a t i o n  m a y  be assumed 

eo = a b e o r p t i v i t y  f o r  iorifi wave l e n g t h s  ( 2 s )  
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Then t h e  a b s o r b e d  e n e r g y  on a v e h i c l e  surface may be 

w r i t t e n  g e n e r a l l y  as 

The r e - r a d i a t e d  t h e r m a l  e n e r g y  f rom t h e  o u t e r  s u r f a c e  i s  

d e t e r m i n e d  by 

The t r a n s m i t t e d  e n e r g y  i n  t he  c o n v e n t i o n a l  i n s u l a t i o n  i a  

g i v e n  by 

The t r a n s m i t t e d  e n e r g y  i n  r a d i a t i o n  s h i e l d  i n s u l a t i o n s  

i s  g i v e n  by  

From e n e r g y  b a l a n c e  c o n s i d e r a t i o n s  on n s u c c e s s i v e  s h i e l d s  

t h e  t r a n s m i t t a n c e  f a c t o r  is f o u n d  t o  b e  

I 
1-n 

o r  i n  summation n o t a t i o n  
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The radiation interchange f a c t o r  between two shields ie 

For shields with equal emissivities equation (34 )  simplifies 

to 

Suhstitution of eqkations (Si’) ( 2 8 )  ( 2 9 )  (30) and ( 3 1 )  in 

energy balance (26)  yeilds the conventional insulation 

e quat i on 

Substitution of equations ( 2 7 )  (28) ( 2 9 )  ( 3 0 )  and ( 3 2 )  i n  

energy balance ( 2 6 )  yields a similar equation for radiiition 

ahiel d insula ti on. 

s 3  q a 9  and q The quantities q 

o f  References 1 ,  2 & 3 .  It is difficult to eolve the 

conventional insulation equation ( 3 7 )  analytically since 

T occurs in both the first and foiirth p o w e r a .  I1owever, the 

radiation shield insulation equation ( 3 8 )  may b e  s o l v e d  f o r  

the outer shield temperature 

are computed by t h e  methods t 

0 

L ( 3 9 )  
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S u b s t i t u t i o n  of ( 3 9 )  i n  ( 3 2 )  g i v e s  t h e  h e a t  t r a n o f e r r e d  i n  

the s h i e l d  i n s u l a t i o n  

J 

which may be s o l v e d  knowing t h e  i n s u l a t i o n  p a r a m e t e r s ,  t h e  

r a t e  of i n c i d e n t  s o l a r  and longwave r a d i a t i o n  and t h e  i n n e r  

s u r f a c e  t e m p e r a t u r e .  The i n d i v i d u a l  s h i e l d  t e m p e r a t u r e 8  

may be computed i f  the o u t e r  and i n n e r  s u r f a c e  temperature 

are  known and t h e  a h i t l d  e m i s s i v i t i e s  a r e  t h e  name.  

where i i n d i c a t e s  t h e  i@ s h i e l d  f rom t h e  o u t s i d e .  

F o r  p u r p o s e 8  of  e s t i m a t i o n  o f  t h e  h e a t  l e a k  t h r o u g h  

a n  i n s u l a t i o n  o r  m u l t i p l e  r a d i a t i o n  s h i e l d  on a a p a c e  

v e h i c l e  g r a p h i c a l  methods of s o l u t i o n  o f  t h e  e q u a t i o n s  

(37) a n d  (38) f o r  t h e  q t r a n s m i t t e d  and  T are i n c l u d e d .  
0 

The a l i g n m e n t  c h a r t  s h o r n  i n  F i g u r e  1 9  may be  used 

t o  s o l v e  t h e  c o n v e n t i o n a l  i n s u l a t i o n  e q u a t i o n  ( 3 7 ) .  The 

u p p e r  f a m i l y  of curves i s  t h e  c o n d u c t e d  h e a t  rate a s  8 

f u n c t i o n  o f  t e m p e r a t u r e  d i f f e r e n  t i a l  t icross  t h e  i n s u l a t i o n  

and  c o n d u c t a n c e .  The  lower  c h a r t  shows t h e  r e r a d i a t e d  

e n e r g y  a s  a f u n c t i o n  o f  o u t e r  s u r f a c e  tempernture w i t h  
. '  

o u t e r  surface e m i s s i v i t y  as a p a r a m e t e r .  The s o l u t i o n  may 

be m a d e  a s  f o l l o w s .  Compute t h e  a b s o r b e d  e n e r g y  a t  t h e  

ou te r  s u r f a c e  from e q u a t i o n  ( 2 9 )  a i i d  the method d e f i n e d  i n  



R e f e r e n c e s  1, 2 a n d  3. Draw a l i n e  from t h e  o r i g i n  o f  t h e  

u p p e r  c h a r t  t o  t h e  T on t h e  a b s c i s s a  o f  t h e  lower c h a r t .  

Assume a T on t h e  a b e c i s s a  o f  t h e  l o w e r  c h a r t  a n d  draw f rom 

i n  

0 

t h i s  p o i n t  a l i n e  p a r a l l e l  t o  t h e  f i r s t  a n d  i n t e r s e c t i n g  

t h e  a b e c i s s r  o f  t h e  u p p e r  c h a r t .  A t  t h e  A T t h u s  d e f i n e d  

on t h e  u p p e r  c h a r t  r e a d  t h e  c o n d u c t e d  h e a t  r a t e  and  a t  T 
0 

on t h e  l o w e r  c h a r t  r e a d  t h e  r e r a d i a t e d  e n e r g y  r a t e .  C o n t i n u t  

t h i s  p r o c e d u r e  u n t i l  t h e  sum of t h e s e  t w o  h e a t  r a t e s  e q u a l s  

t h e  computed a b s o r b e d  energy .  

F i g u r e  20 p r o v i d e s  a s i m i l a r  s o l u t i o n  to t h e  r a d i a t i o n  

s h i e l d  e q u a t i o n  ( 3 R ) ,  The u p p e r  f a m i l y  of  c u r v e s  is t h e  

t r a n s m i t t e d  h e a t  r a t e  t h r o u g h  t h e  s h i e l d i n g  as a f u n c t i o n  

o f  t h e  s u r f a c e  t e m p e r a t u r e  w i t h  t h e  t r a n u m i t t a n c e  f a c t o r  

as param"t ,er ,  The l o w e r  c h a r t  shown r e r a d i a t e d  h e a t  r a t e  

as  a f u n c t i o n  of  o u t e r  s u r f a c e  t e m p e r a t u r e  w i t h  o u t e r  s u r f a c e  

e m i s s i v i t y  as p a r a m e t e r ,  As i n  t h e  s o l u t i o n  f o r  c o n v e o t i o n a l  

i n s u l a t i o n  t h e  a b s o r b e d  h e a t i n g  r a t e  i s  computed by e q u a t i o n  

( 2 9 )  and t h e  method d e f i n e d  i n  I i e f e r e n c e a  1 ,  2 and 3. An 

o u t e r  e u r f a c e  t e m p e r a t u r e  i s  assumed a n d  t h e  r e r a d i a t e d  

e n e r g y  d e t e r m i n e d  from t h e  l o w e r  c h a r t .  T h e  n e t  t r a n s m i t t e d  

e n e r g y  i s  o b t a i n e d  f rom t h e  u p p e r  c h a r t  by  s u b t r a c t i n g  t h e  

v a l u e  f o r  t h e  i n n e r  s u r f a c e  t e m p e r a t u r e  from t h e  v a l u e  f o r  

t h e  o u t e r  s u r f a c e  t e m p e r a t u r e  f'or t h e  gix-en t r a n s m i s s i o n  

f a c t o r .  The p r o c e d u r e  i a  r e p e a t e d  u n t i l  t h e  sum of t h e  

r e r a d i a t e d  e n e r g y  and n e t  t r a n R m i t t e d  pnergy  e q u a l s  t h e  

computed a b s o r b e d  e n e r g y .  

F o r  r a d i a t i o n  s h i e l d i n g  p r o t e c t i o n  of c r y o g e n i c  f l u i d s  

t a n k a  in f r e e  s p a c e  t h e  e q u a t i o n  (58) may be c r r a t l y  s i m p l i f i e d .  

F o r  l i q u i d  oxygen o r  a c o l d e r  f l u i d ,  t h e  term c o n t a i n i n g  T 4 
i n  

i 

i n  e q u a t i o n  (39 )  o r  (40) mag be n e g l e c t e d  w i t h  a maximum 2% 
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e r r o r .  F o r  f r e e  a p a c e ,  i - e ,  more t h a n  t h r e e  p l a n e t  d i a m e t e r s  

d i s t a n t  f rom a p l a n e t ,  t h e  a l b e d o  and  t h e r m a l  r a d i a t i o n  may 

b e  n e g l e c t e d ,  E q u a t i o n  ( 4 0 )  may t h e n  be p u t  i n  t h e  form 

T h i s  f u n c t i o n  i s  p l o t t e d  p a r a m e t r i c a l l y  i n  F i g u r e  21 i n d i c a t i n g  

t h e  f r a c t i o n  of i m p i n g i n g  s o l a r  e n e r g y  f l u x  t o  t h e  o u t e r  s u r f a c e  

t h a t  i s  t r a n s m i t t e d  t o  t h e  cryogeni:: f l u i d ,  F i g u r e  22 is a 

p a r a m e t r i c  p l o t  o f  t h e  f u n c t i o n  f o r  a w h i t e  p a i n t e d  o u t e r  s u r f a c e  

as  a f u n c t i o n  of  number o f  e h i e l d s  h a v i n g  e q u a l  e m i s s i v i t i e s  

f o r  a l l  i n n e r  s h i e l d  e u r f a c e a ,  The v a s t  t h e o r e t i c a l  r e d u c t i o n  

i n  t r s n s m i t t e d  h e a t  i s  a p p a r e n t  f rom t h i s  f i g u r e .  

F o r  t h e  i n s u l a t i o n  of c r y o g e n i c  t a n k s  s u b j e c t e d  t o  s o l a r  

r a d i a t i o n ,  e q u a t i o n  ( 3 9 ) ,  a f t e r  n e g l e c t i n g  t h e  term c o n t a i n i n g  

may be p l a c e d  i n  t h e  form 

Thie e x p r c s e i o n  is s i m i l a r  t o  t h a t  o f  e q u a t i o n  ( a )  e x c e p t  f o r  

t h e  m o d i f y i n g  term i n  b r a c k e t s .  i s  d e f i n e d  as  % 

c ( 4 4 )  



where @is t h e  a n g l e  be tween t h e  normal  t o  t h e  o u t e r  s u r f a c e  

a n d  t h e  v e c t o r  t o  t h e  aun. If Jhe< . l o ,  t h e  o u t e r  s h i e l d  

~ i ~ r f a c c  t e m p e r a t u r e  may be  e s t i m a t e d  from F i g u r e  1 by a s suming  

S c o s  8 is  t h e  s o l a r  c o n s t a n t .  I f  s h i e l d  e m i s s i v i t i e s  a r e  all 

equal ,  t.hen e q u a t i o n  ( 4 1 )  g i v e s  t h e  ternper:i t ,ure of any i n t e r m e d i a t e  

s h i e l d .  

The s i m p l i f i e d  r a d i a t i o n  shield a n a l v s i a  p r e s e n t e d  assumes  

r a d i  f i t i o n  t r a n s f e r  o n l y ,  which i n  a c t u a l l i t y  would b e  h i g h l y  

d e s i r a b l e ,  however p r a c t i c a l  m u l t i p l e  r a d i a t i o n  s h i e l d s  must  be 

s u p p o r t e d  and  p h y s i c a l l y  s e p a r a t e d  s o  t h a t  c o n d u c t i o n  i n  anpports 

and s e p a r a t o r s  mu% t be c o n s i d e r e d ,  Much e x p e r i m e n t a t i o n  and 

s t u d y  o f  f a b r i c a t i o n  t e c h n i q u e s  must  be engaged  upon t o  min imize  

the c o n d u c t i o n  i n  the s e p a r a t o r s  a n d  s u p p o r t s .  The r e s u l t  o f  

i n i t i a l  work i n  t h e s e  a r e a s  h a s  been  t h e  " s u p e r "  vacuum i n s u l a t i o n s  

which a r c  e s s e n t i a l l y  m u l t i p l e  r a d i a t i o n  s h i e l d s  s e p a r a t e d  by 

low c o n d u c t i v i t y  m a t e r i a l s .  However, b e c a u s e  o f  w e i g h t  and l a c k  

o f  s t r u c t u r a l  i n t e g r i t y  t h e s e  good i n s u l a t o r s  a r e  n o t  p a r t i c u i a r l p  

s u i  t e d  t o  v e h i c l e - b o r n e  a p p l i c a t i o n s ,  

E .  P r e d i c t i o n  o f  S a t e l l i t e  T e m p e r a t u r e s  

A l t h o u g h  s a t e l l i t e  and s p a c e  v e h i c l e  s k i n  t e m p e r a t u r e  

h i s t o r i e s  are  n o r m a l l y  p r e d i c t e d  by c o m p u t a t i o n  on d i g i t a l  

c o m p u t e r s ,  i t  i s  d e s i r a b l e  f o r  e s t i m a t i o n  purposes a n d  proposal 

s t u d i e s  t o  have a method f o r  r a p i d  t e m p e r a t u r e  h i s t o r y  p r e d i c t i o n .  

A t r a n s i e n t  e n e r g y  b a l a n c e  on the v e h i c l e  t a k e s  t h e  f o l l o w i n g  form 
. 



o r  

The e x t e r n a l  h e a t i n g ,  q,, c o n e i a t a  of  a b s o r b e d  a l b e d o ,  earth 

t h e r m a l  r a d i a t i o n ,  and  s o l a r  h e a t i n g .  

t o  t h e  v e h i c l e  can be c a l c u l a t e d  by  t h e  methods  and  equetions 

o u t l i n e d  i n  R e f e r e n c e s  1,  2 and 3. 

by  m u l t i p l y i n g  t h e  i n c i d e n t  a l b e d o  a n d  solar f l u x  by t h e  solar 

a b s o r p t i v i t y  o f  t h e  a u r f a c e ,  and  t h e  i n c i d e n t  e a r t h  t h e r m a l  

r a d i a t i o n  by the e m i s s i v i t y  of the a u r f a c e .  

in e q u a t i o n  (46) y e i l d s  

The e n e r g y  f l u x e s  i n c i d e n t  

The a b s o r b e d  energy i s  f o u n d  

S e p a r a t i n g  v a r i a h l c s  

Subitituting 
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i n  e q u a t i o n  (47 )  a n d  i n t e g r a t i n g  y i e l d s  

I t  i s  a d v a n t a g e o u s  t o  n o n - d i m e n s i o n a l i z e  t h e  e q u a t i o n  with the 

f o l l o w i n g  r e l a t i o n s  

e" = *4 
tC 

S u b r t i t u t i o n  of  t h e r e  non-d imenr iona l  p a r a m e t e r s  i a  e q u a t i o n  (51)  

y ie ld8  

T h i r  e q u a t i o n  has been  p l o t t e d  in F i g u r e  23 w i t h  TJate on t h e  

o r d i n a t e ,  8" o n  t h e  a b s c i s r a  a n d  Tinit* as p a r a m e t e r .  

knowing t h e  e x t e r n a l  h e a t i n g  and  i n t e r n a l  h e a t i n g  of t h e  v e h i c l e  

t h e  w e i g h t  and  effective s p e c i f i c  h e a t ,  and  t h e  e m i s s i v i t y ,  

Then 

Qin'  
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t 

i’ 

tho temperaturt at any time may be d e t e r m i n e d  w i t h  

equation (53)  and equationr (82) .  I f  qia i s  i t r e l f  

a function of  time a rteprire procedure may be w e d  t o  

predict  temperature a* a function o f  time. 
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Theme c o n t r o l  murfacea  may be c l a r s i f i e d  a a  t o  t h e i r  geomet ry  

and  movement, e .g .  r o t a r y  r u r f a c e s ,  of which t h e  maltere c r o s o  

i r  an example ,  and  l i n e a r  s u r f a c e s  r u c h  a s  g r a t e s  and  l i n e a r  

b l i n d s  o r  s h u t t e r s .  The l i n e a r  d e v l c e r  are  p a r t i c u l a r l y  a d a p t -  

a b l e  t o  s u r f a c e s  h a v i n g  r e l a t i v e ' l y  l a r g e  f l a t  areas. 

d e v i c e r  f a c i l i t a t e  t h e  a p p l i c a t i o n  t o  s i n g l e  o r  d o u b l e  c u r v a -  

t u r e  s u r f a c e s .  

The r o t a r y  

I 1  ACTIVE TlIEILhiAL CONTROL 

A. Mechan ica l  C o n t r o l  S u r f a c e s  

Act ive m e c h a n i c a l  c o n t r o l  s u r f a c e s  may b e  d e s i g n a t e d  i n  

two gronpr. One g r o u p  is p s e u d o - p a s a i v e  i n  t h a t  no v e h i c l e  power 

is r e q u i r e d  t o  a c t i v a t e  t h e  c o n t r o l .  The o t h e r  g r o u p  i s  f u l l y  

a c t i v e  r e l y i n g  on v e h i c l e  power f o r  a c t u a t i o n .  Mechanica l  t h e r m a l  

c o n t r o l  s u r f a c e s  g e n e r a l l y  c o n s i s t  of  a combindt t ion o f  two 

c o a t i n g s  on two s u r f a c e s ,  one s u p e r i m p o r i n g  t h e  o t h e r ,  t h a t  may 

move r e l a t i v e  t o  one a n o t h e r .  O r d i n a r i l y  one r u r f a c e  h a s  a 

h i g h  y6 and t h e  o t h e r  8 low M& 
s u r f a c e  c o o l a ,  more of t h e  h i g h %  s u r f a c e  i s  e x p o r e d  p e r m i t t i n g  

a g r e a t e r  a b a n r p t i o n  o f  s o l a r  e n e r g y  t h a n  is e m i t t e d  and  con- 

r e q u e n t l y  t h e  v e h i c l e  warm.. When t h e  v e h i c l e  approach08  t h e  

w a r m  end  of t h e  t e m p e r a t u r e  r a n g e  more o f  t h e  low v& s u r f a c e  

i r  exposed  r e d u c i n g  t h e  r o l a r  e n e r g y  i n t a k e  a n d  i n c r e a s i n g  t h e  

e m i t t e d  e n e r g y  p e r m i t t i n g  t h e  v e h i c l e  t o  c o o l .  

When t h e  v e h i c l e  and/or t h e  

The p s e u d o - p a s s i v e  d r i v e  d e v i c e s  o r d i n a r i l y  a r e  nome f o r m  

of b i m e t a l l i c  a t r i p  or s p r i n g .  B ime ta l l i c  s t r i p s  may be  u s e d  

a d v a n t a g e o u s l y  w i t h  l i n e a r  c o n t r o l  s u r f a c e s  and  c o i l e d  s p r i n g s  

may b e  a n d  have  been  used  w i t h  r o t a r y  c o n t r o l  s u r f a c e s  (Ilcfcrcnce 

9 ) .  
t u b e s  may be u s e d .  

I t  i s  c o n c e i v a b l e  t h a t  o t h e r  d r i v e  d e v i c e s  s u c h  as Bourdon 



1 
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The a c t i v e l y  d r i v e n  e u r f a c e s  ( t h o s e  r e q u i r i n g  v e h i c l e  

power)  r e l y  on s e n s i n g  of some temper . i tu re  d e p e n d e n t  q u a n t i t y  

which c o n t r o l s  a s e r v o  mechanism which i n  t u r n  c o n t r o l s  t h e  

t h e r m a l  c o n t r o l  s u r f a c e  u t i 1  i z i n g  v e h i c l e  power t o  p roduce  t h e  

d r ive  f o r c e a .  

The a d v a n t a g e s  of a c t i v e  c o n t r o l  s u r f a c e s  o v e r  p a s s i v e  4. 

* 
surf aces  

1. 

2. 

3. 

4. 

6 .  

6 .  

The 

a r e  : 

Some compensa t ion  may be made f o r  c h a n g i n g  p r o p e r t i e s  

of  t h e  s u r f a c e  due  t o  t h e  s p a c e  e n v i r o n m e n t .  

The c o a t r o l  may be a c c o m p l i s h e d  w i t h  narrower tem- 

p e r a t u r e  1 i m i t s  e 

C o n t r o l  may be a c c o m p l i s h e d  when t h e  t h e r m a l  

e n v i r o n m e n t  c h a n g e s  d u e  t o  t r a j e c t o r y  c h a n g e s  e i t h e r  

of a e h o r t  o r  l o n g  term n a t u r e .  

To a c e r t a i n  e x t e n t  t h e r m a l  g r a d i e n t s  a c r o s s  a non 

r o t a t i n g  s a t e l l i t e  or s p a c e  v e h i c l e  may be r e d u c e d  

by a c t i v e  s u r f a c e s .  

L i m i t e d  c o m p e n s a t i o n  may be made f o r  time d e p e n d e n t  

c h a n g e s  i n  i n t e r n a l  g e n e r a t i o n .  

a n t i c i p a t i o n  c o n t r o l  c a n  be u t i l i z e d .  

t w o  m a j o r  d i s a d v a n t a g e s  are t h a t  t h e  t h e r m a l  c o n t r o l  

system is  somewhat more complex and t h a t  t h e  maximum a l l o w a b l e  

i n t e r n a l  d i s s i p a t i o n  i s  a t i l l  l i n i t e d , a e  i n  t h e  case of passive 

c o n t r o l  by t h e  s u r f a c e  area a n d  s k i n  t e m p e r a t u r e  o f  t h e  vehicle 

o r  s a t e l l i t e .  

. 



t 

! 

i 
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B. A c t i v e  I l a d i a t o r r  

The o n l y  n a y  t o  i n c r e a s e  t h e  amount of h e a t  t h a t  may be 

d i s s i p a t e d  from a p a r t i c u l a r  v e h i c l e  a t  a g i v e n  t e m p e r e t u r e  i s  

t o  i n c r e a s e  o r  improve t h e  a v 8 i l a b l e  h e a t  d i r r i p a t i n g  area. The 

uae of  a h e a t  d i r r i p a t i n g  r a d i a t o r  i m p l i e r  t h a t  t h i r  i r  an e f f e c t i v e  

r n r f a c o  f o r  u l t i m a t e l y  r e l e a r i n g  h e a t  t o  t h e  e p a c e  e n v i r o n m e n t  

and  t h a t  a n  e f f i c i e n t  method i r  u t i l i z e d  t o  t r a n r f e r  t h e  h e a t  

from t h o  d i r r i p a t i n g  e l e m e n t r  t o  t h e  r a d i a t o r .  Two t y p e s  of' 

r a d i a t o r s  r i l l  b e  discusred .  Some d e t a i l e d  d i r c u r r i o n  o f  t h e  

c o n v e n t i o n a l  f i n - t u b e  f l u i d  r a d i a t o r  r i l l  be  i n c l u d e d .  The more 

r e v o l u t i o n e r y  b e l t  t y p e  r a d i a t o r  w i l l  o n l y  be d i a c u r r e d  b r i e f l y .  

a. Pin-Tub. F l u i d  R a d i a t o r  

Tho o o n v e n t i a n a l  f i n - t u b e  r a d i a t o r  may b e  e i t h o r  8 

v e h i c l e  p r i m a r y  s u r f a c e  r a d i a t o r  8nd r a d i a t e s  t o  .pace 

f rom only one s i d e ,  o r  t h e  r s d i k t o r  may be d e p l o y a b l e  

and  w i l l  t h e n  r a d i a t e  from two s i d e s .  Advantagen  of  t h e  

p r i m a r y  mar face  r a d i a t o r  a r e :  

1, The r a d i a t o r  mag be  b u i l t  i n t o  the basic 

wall r t r u c t u r e  of t h e  v e h i o l e .  

2. No f l e x i b l e  c o n n e o t i o n r  are r e q u i r e d  between 

vehicle and r a d i a t o r .  

3. Somewhat g r e a t e r  p r o t e c t i o n  a g a i n r t  meteorite  

damage i r  a f f o r d e d  i n  t h a t  t h o  aame p r o t e c t i o n  

a e r v e n  b o t h  t h e  r a d i a t o r  and v e h i c l e .  

The a d v a n t a g e s  of t h e  d e p l o y a b l e  r a d i a t o r  a re :  

10 R a d i a t i n g  surfsco is e s r e n t i a l l y  u n l i m i t e d  

t 
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2 .  B o t h  eidee, o f  t he  r a d i a t o r  are u t i l i z e d  

3. I t  i s  p o s a i b l e  t o  o r i e n t  t h e  r a d i a t o r  t o  

receive l i t t l e  o r  no s o l a r  l o a d  t h e r e b y  

improving  t h e  h e a t  d i e e i p a t i n g  q u a l i t i e s  of  

t h e  redia t o r .  

F o r  r e l i a b i l i t y  p u r p o s e s  i t  is a d v i s a b l e  t o  u8e a 

p r i m a r y  s u r f a c e s  non-dep loyab le  r a d i a t o r  i f  s u c h  w i l l  s u f f i c e ,  

AB in t h e  case of i r o t h e r m a l  r e c t a n g u l a r  f i n s  i t  i r  d e s i r a b l e  

t o  know t h e  l o c a l  and a v e r a g e  v i e r  f a c t o r r  f o r  t h e  combined f i n -  

t u b e  geomet ry .  These view f a c t o r s  are  d e v e l o p e d  by an a n a l y s i s  

rimilar t o  t h a t  d o r c r i b e d  p r e v i o u r l y  f o r  t h e  r e c t a n g u l a r  f i n .  

Thoro view f a a t o r r  h a v e  b e e n  p l o t t e d .  F i g u r e  24 showr t h e  l o c a l  

r i o r  f a c t o r s  f o r  s p a c e  8 8  a f u n c t i o n  o f  p o a i t i o n  on t h e  f i n  w i t h  

t u b e  r a d i u r  t o  fin w i d t h  r a t i o  a r  t h e  parameter. F i g u r e  25 

r h o r r  t h e  i n t e g r a t e d  a v e r a g e  v i e r  f a c t o r r  of t h e  f i n  a n d  tuber 

an a f u n c t i o n  o f  r /2L.  

ovor a small r a n g e  ,818 t o  ,635 ar  r/2L var i e r  f rom 0 t o  00 . 
The a v e r a g e  view f a c t o r  on t h e  t u b e  v a r i e e  

For a n  a d e q u a t e  a n a l y r i r  of  a l i g h t  w e i g h t  f i n - t u b e  r a d i a t o r  

i f  i r  e r r o n t l a l  t o  e s t a b l i s h  a r a d i a t i o n  f i n  e f f e c t i v e n c r s  as  

r o l l  an a radiator e f f e c t l v e n e r r  due t o  l o n g i t u d i n a l  t e m p e r a t u r e  

drop of t h e  f i n .  C o n v e n t i o n a l  c o n v e c t i v e  f i n  e f f e c t i v e n e s s  c a n n o t  

be tared t o  d e f i n e  t h e  e f f e c t i v e n e s s  of a t r u e  r a d i a t i o n  f i n .  The 

follorinq a n a l y r i r  f o r  8 r e c t a n g u l a r  f i n  i r  r e p o r t e d  i n  R e f e r e n c e  11. 

Yoro r e f i n e d  a n a l y s e r  have  b e e n  a n d  are  b e i n g  made b u t  t h i r  

a n 8 l y r i r  rill r u f f i c e  f o r  our p u r p o r o r .  The f i n  of h a l f  l e n g t h  

L and  c o n r t a n t  t h i c k n o r 8  2b i s  arsumed t o  r a d i a t e  t o  a n  e q u i v a l e n t  

s p a c e  t e m p e r a t u r e  T d e f i n e d  by t h e  e q u i l i b r i u m  c o n d i t i o n  be tween 

t h o  f i n  a n d  i t s  e x t e r n a l  e n v i r o n m e n t  w i t h  no i n t e r n a l  diE8ipatiOn, 
SP 
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A r toady  r t a t c  energy balance  on an c l ement  dx o f  the  f i n  w i t h  x 

moarurod from the c e n t e r  of tho f i n  t a k o r  t h e  form 

Tho paramotor T r r  ir dof inod  am 

1;; 4 (1e.F) + G 4 F  

rhoro T 

tomporrturo bnd F i r  the v i o w  i a o t o r  of t h e  o l ement  rur faoa  

l r  t h o  o q u i r a l e n t  rproo tomporaturo,  Tg i r  t h e  f i n  r o o t  #P 

dx !or tho  rdjaoent  tubor. Not ing  t h a t  Ax bnd Ax+dr Ob, 

r u b r t i t u t i n g  o q u r t i o n  ( 6 6 )  bnd s i m p l i f y i n g  o q u a t i o n  (64) tho 
oaorgy b a l r n o o  boaomem 

The boundary condi  t i o n a  art 

at% - 0 &- 
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The equation (56) may be solved and the results readily 

displayed if t h e  equation ia non-dimensionalized to 

she re 

a 

L 

The boundary equatione, are, 

%*.to , d I y  a 0  
dx* 

z*=l J TU= I 

The f i n  effeotivenerr i r  d e f l n a d  rm the r a t i o  o f  actual 
enorqy dirriprfed from t h e  f i n  t o  t h a t  r h i o h  would be 
d i r r i p s t e d  i f  the f i n  were l rothormrl  a t  the r o o t  temperature 

TR' i 

Q A  

The actual heat diesipated ie that conducted at t h e  root 
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The i d e a l  h e a t  f l u x  Q ,  i s  given by 

Combining e q u a t i o n s  ( 0 2 )  and (63) a c c o r d i n g  t o  (61) y i e l d s  

t h e  f i n  e f f e c t i v e n e s s  

The d i f f e r e n t i a l  e q u a t i o n  ( 6 8 )  c o u l d  be  s o l v e d  n u m e r i c a l l y  

u r i n g  l o c a l  v iew f a c t o r s  F d i s p l a y e d  i n  F i g u r e  (24)  however 

t h e  d i s p l a y  o f  the r e s u l t s  would b e  vo luminous  so i t  w a s  

a s rumed  t h a t  t h e  f i n  had a 180° l o o k  a n g l e  f o r  a p a c e ,  i .e.  

F L 0 and  e q u a t i o n s  (58) and  (64)  were  s o l v e d  on a n  IBM 650 

compute r  by a d o u b l e  boundary  v a l u e  t e c h n i q u e .  

The r a d i a t i o n  f i n  e f f e c t i v e n e s s  i o  i n d i c a t e d  in f i g u r e s  

(26)  a n d  (27)  ar a f u n c t i o n  of t h e  non-d imens iona l  p a r a m e t e r s  

and  T+ 

portrnt  rrngo of )+ . 
F i g u r e  ( 2 7 )  is a p l o t  f o r  a l i m i t e d  b u t  in- 

8P 

The r e c t a n g u l a r  f i n  geomet ry  may be o p t i m i a e d  by  f i n d i n g  

t h o  

Combining (01 )  a n d  (63) and e o l v i n g  f o r  Q, g i v e s  

f o r  a f i x e d  w e i g h t  f i n  which gives t h e  maximum QAe 
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for c o n s t a n t  f i n  weight 

/ b L  = C  

With  t h e  d e f i n i t i o n  of )r a n d  e q u a t i o n s  (65) and  ( 6 6 )  i t  

c a n  be  d e m o n s t r a t e d  t h a t  

where t h e  b r a c k e t e d  term is  a c o n s t a n t  f o r  a f i x e d  w e i g h t  

f i n  i n  a g i v e n  e n v i r o n m e n t  o p e r a t i n g  w i t h  a g i v e n  r o o t  

t e m p e r a t u r e .  

t h e  A a n d  c o r r e s p o n d i n g  @ may be  found  t h a t  w i l l  maximize 

T h i s  m a x i m i a i n g h  i s  p l o t t e d  i n  F i g u r e  QA f o r  a g i v e n  T+ 

(28)  as  a f u n c t i o n  o f  T+ 

g r e a t  i n  t h e  area of t he  maximum, l i m i t i n g  ' a  a r e  a l s o  

p l o t t e d  c o r r e s p o n d i n g  t o  Q one p e r c e n t  l e e s  t h a n  t h e  maximum. 

T h i r  p e r m i t s  a r a t h e r  broad  c h o i c e  o f  n e a r l y  optimum A v a l u e s .  

By u s i n g  t h e  r e l a t i o n  d e f i n e d  by f i g u r e  (27 )  

SP' 

. S i n c e  t h e  QA v a r i a t i o n  i e  n o t  
SP 

A 

The l o n g i t u d i n a l  e f f e c t i v e n e s s  of  t h e  r a d i a t o r ,  

i r  due t o  t e m p e r a t u r e  d r o p  of t h e  f l u i d  as i t  f l o w s  a l o n g  

t h o  tuher  o f  t h e  r a d i a t o r .  The r i m p l i f y i n g  a s r u m p t i o n  i r  
mado t h a t  t h e  d r o p  o c c u r s  l i n e a r i l y .  The t e m p e r a t u r e  a l o n g  

t h e  t u b e  T 

* C  in by 
i n  r e l a t e d  t o  t h e  t e m p e r a t u r e  a t  e n t r a n c e  $ 
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By a e r i e s  e x p a n s i o n  a n d  r e t e n t i o n  o f  t h e  f i r s t  two terms 

t h e  r a d i a t i o n  d r i v i n g  p o t e n t i a l  i e  g i v e n  by 

If 

t h e n  as  i n  t h e  c a s e  of t h e  l a t e r a l  e f f i c i e n c y  t h e  d r i v i n g  

p o t e n t i a l  may be n o n - d i m e n s i o n a l i z e d  t o  

The i d e a l  d r i v i n g  p o t e n t i a l  would be l - T i p  in  ', 
t h e  d r i v i n g  p o t e n t i a l s  o v e r  t h e  l e n g t h  Lr a n d  s o l v i n g  f o r  

t h e  l o n g i t u d i n a l  e f f e u t i v e n e r r  y i e l d 8  

I n t e g r a t i n g  

Thim f u n c t i o n  ir p l o t t e d  i n  F i g u r e  (29) an a f u n c t i o n  o f  

w i t h  A T+il p a r a m e t e r .  The t o t a l  e f f e c t i v e n e s s  o f  *#8p in 
a f i n - t u b e  r a d i a t o r  is g i v e n  as 

( 7 3 )  
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Inasmuch a s  t h e  e q u i v a l e n t  s p a c e  t e m p e r a t u r e  i s  i m p o r t a n t  

w i t h  r e s p e c t  t o  r a d i a t o r  c a l c u l a t i o n s  socle i n d i c a t i o n  of the  

v a r i a t i o n  of T f o r  c e r t a i n  c o n d i t i o n s  i s  n e c e s s a r y ,  F i g u r e  

30 shows t h e  v a r i a t i o n  of  T 
o r i e n t a t i o n  o f  a two s i d e d  f l a t  p l a t e  w i t h  r e s p e c t  t o  t h e  s u n  

f o r  a m i s s i o n  i n  c i s - l u n a r  s p a c e .  , F i g u r e  31 i n d i c a t e s  t h e  T 

r a n g e  t h a t  m i g h t  be e x p e c t e d  on H two s i d e d  f l a t  p l a t e  r a d i a t o r  

o r i e n t e d  edgewise  t o  t h e  s u n  and o r b i t i n g  t h e  e a r t h  i n  a p l a n e  

c o n t a i n i n g .  t h e  e a r t h  sun v e c t o r ,  F u r t h e r m o r e  t h e  normal t o  

t h e  p l a t e  r e m a i n s  i n  t h e  p l a n e  o f  t h e  o r b i t ,  F i g u r e  32 shows 

t h e  e q u i v a l e n t  s p a c e  t e m p e r a t u r e  f o r  a two s i d e d  f l a t  p l a t e  

o r b i t i n g  t h e  e a r t h  i n  a p l a n e  normal  t o  t h e  e a r t h  s u n  v e c t o r  

w i t h  t h e  p l a t e  normal  b e i n g  p a r a l l e l  t o  t h e  e a r t h  stin v e c t o r ,  

To h a v e  a n  e f f e c t i v e  r a d i - i t o r ,  i t  i s  s e e n  t h a t  t h e  ye r a t i o  

must be as low as p o s s i b l e .  

SP 
w i t h v 4  as  a f u n c t i o n  of 

SP 

S P  

b. E n d l e s s  B e l t  R a d i a t o r  

A r e v o l u t i o n a r y  r a d i a t o r  h a s  been  p r o p o s e d  i n  R e f e r e n c e  1 2  

c o n s i s t i n g  of a t h i n  t raveILing b e l t  which a b s o r b s  h e a t  

i n  a c o n t a c t  o r  f l u i d  h e a t  e x c h a n g e r  and  t h e n  r a d i a t e s  t o  

s p a c e  as i t  t r a v e l s  a r o u n d  a c i r c u i t .  S e v e r a l  a d v a n t a g e e  

a re 

1. 

2. 

3. 

a p p a r e n t  f o r  t h i s  t y p e  of  r a d i a t o r .  

The m e t e o r o i d  problem i s  min imized  

For v e r y  h i g h  power l e v e l s  w e i g h t  may b e  o n l y  a 

f r a c t i o n  of  t h e  w e i g h t  of t h e  c o n v e n t i o n a l  f i n - t u b e  

r a d i a t o r  

P a c k a g i n g  and deployment  a r e  s i m p l e r  t h a n  f o r  t h e  f l u i d  

t y p e  r a d i  n tors 
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A l though  t h i s  t y p e  r a d i a t o r  p r o m i s e s  a d v a n t a g e s  f o r  

f u t u r e  v e h i c l e s ,  its r e v o l u t i o n a r y  n a t u r e  a n d  deve lopmen t  

r e q u i r e d  may p r e c l u d e  i t s  u s e  e x c e p t  on f u t u r e  g e n e r a t i o n  

v e h i c l e s  and  w i l l  n o t  be c o n s i d e r e d  i n  d e t a i l  h e r e .  

C. Mas. Flow Heat T r a n e f e r  Systems 

As v e h i c l e s  become p h y s i c a l l y  l a r g e r  and  d i s s i p a t i o n  r a t e s  

i n c r e a s e  i t  is  n o t  p o s s i b l e  t o  t r a n s f e r  t h e r m a l  e n e r g y  p a s s i v e l y  

w i t h i n  t h e  v e h i c l e .  Some t y p e  of  a c t i v e  t h e r m a l  t r a n s f e r  s y s t e m  

r e l y i n g  on f l u i d s  i s  r e q u i r e d .  Mass t r a n s f e r  s y s t e m s  may be 

u s e d  f o r  two m a j o r  p u r p o s e s .  The f i r s t  would be t o  i n c r e a s e  t h e  

e f f e c t i v e  o v e r a l l  c o n d u c t i v i t y  of  t h e  v e h i c l e  and  t h e  second  t o  

p r o v i d e  h e a t  t r a n s f e r  t o  a r a d i a t o r .  In moat c a s e s  t h e  optimum 

r i t a a t i o n  f rom a t h e r m a l  s t a n d p o i n t  would b e  t o  a h c i e v e  t h e  

maximum h e a t  t r a n e f e r  w i t h  a minimum of pumping power. The re -  

f o r e  c h o i c e  of f l u i d  i e  an i m p o r t a n t  c o n s i d e r a t i o n  f o r  a 

v e h i c l e  c i r c u l a t i o n  sys t em.  

The h e a t  t r a n s f e r  i s  g i v e n  c o n v e n t i o n a l l y  ar 

1 
where h i s  g i v e n  by N u s s t l t s  e q u a t i o n  t o r  m o d e r a t e  

a s  

A T 
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The pressure drop is given conventionally by 

The friction f a c t o r  may be computed from the  following relations 4 

Pumping power ia camputrd assuming incompresrible flow as 

bubrtltuting rquatioar (76) and (78.) In (77)  and rearranging 
y i e l d r  

Bubrfitutiag equrtion (74)  in (73) and rearrnngi,rfr y i c I O N  



I 
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A s =  C L  

S o l v i n g  (79)  f o r  v g i v e s  

S u b s t i t u t i n g  i n  ( 7 8 )  g i v e s  

1.25 

, .  
I :  
, .. 
I i  

T h i e  e q u a t i o n  p r o v i d e s  a compar i son  o f  f l u i d s  and  g e o m e t r i e s  f o r  a 

given h e a t  t r a n s f e r  r d t c  p e r  d e g r e e  t empera  t u r e  d i f f e r : ? r l c e .  

a g i v e n  f l u i d  t h e  q u a n t i t y  Db /c20c 
a n d  s t i l l  m a i n t a i n  the  Reynolds  Number a t  5000 o r  above .  T h i s  p r o -  

v i d e s  t h a t  i n  g e n e r a l  p a s s a g e s  s h o u l d  h a v e  h i g h  a s p e c t  r a t i o s ,  i o e c  

be wider t h a n  t h e y  a re  deep .  

F o r  
0.5 

s h o u l d  be ririnitnized 

1, c 
p r o v i d e s  a com- F o r  8 g i v e n  Q/ the p a r a m e t e r  

parison be tween  v a r i o u s  f l u i d s  f l o w i n g  8 i n  a f i x e d  geomet ry .  N i t r o g e n  

gar a t  r t a n d a r d  t e m p e r a t u r e  a n d  p r e s s u r e  (14 .7  p s i a  a n d  59OF) is 

c h o s e n  an the s t a n d a r d .  The c o m p a r a t o r  is g i v e n  by 

Thin p a r a m e t e r  h a s  been computed f o r  s eve ra l  g a s e s  a t  1 a t -  

mosphere  a n d  S O  p s i a  and  f o r  wa te r  a n d  i s  show11 i n  Table  3 ,  The effcct 



ERR-AN- OS 1 
Page  40 

of  gar d e n r i t y  is r e a d i l y  a p p a r e n t  f rom e q u a t i o n  (84). 

p r e r r u r e  r h o u l d  be ar h i g h  ar  p o 8 l l i b l e  t o  p r o v i d e  e f f i c i e n t  h e a t  

t r a n a f o r .  Gamer aro a t t r s c t i v o  ar h o a t  t r a n r f o r  mediumr ar no 

i n d r t e r m i n a n o y  i r  i n t r o d u c e d  by t w o  phare f l o w  i n  a n~oro-g' f i e l d .  

The gar 

The p r e r r u r e  d r o p  In a r s o c i a t e d  d u c t i n g  of t h e  c o o l i n g  r y r t e m  

f o r  t r s n r f e r r i n g  f l u i d  be tween e x h a n g e r r  i r  g i v e n  a i  f0110wr 

a n d  t h o  4 r r o o i a t o d  power 1088 i r  given from OqUrtiOn (6 )  88 

8 h o o  t h o  mar# f l o w  ra t0  t o  bo h a n d l o d  by t h o  d u c t i n g  i r  ro- 
l a t l r o l y  f i x o d  by t h o  hoat e x o h r n ~ e r r ,  t h o  only way t o  roduco t h o  

duotlng power l o a 8  i r  t o  roduco  r e l o o l t y ,  1 . 0 .  g i r o  the daotr t h o  

l a r g o a t  a r o r r  rootiou rnd i n o r o a r o  tho h y d r a u l i c  d i r m o t e r  a8 muoh 
I 

41 l a  p o r r l b l o .  8 inoo  hydraullo dl8aetor,  Dh .I 4A,i!/G t h i a  ilpliO8 

thnf a i r o u l b r  d u o t r  a r o  boat I.o., t h o  l r r g e r t  or088 r o o f l o n a l  4rea 
por r o t t o d  porlmotor. 

a. vapor -Cyc lo  B e f r i g e r s t i o n  

Moat r p a c o  v e h i c l e  and s a t e l l i t e  components  r u c h  81 e l e c t r o n i c  

oqu ipmen t  and p e r r o n n e l  d i s s i p a t e  h e a t  a t  o r  near room temper-  

a tu re .  T h i s  p l a c e s  a maximum t e m p e r a t u r e  l i m i t  on t h e  n l t i m a t o  

h e a t  d i s s i p a t i o n  s u r f a c e  unless a h e a t  pump s y s t e m  such as vapor 

c y c l e  r e f r i g e r a t i o n  is used t o  increase t h e  r a d i a t o r  t e m p e r a t u r e  
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abovo the  t e m p e r a t u r e  of the  v e h i c l e  component  r e l e a s i n g  h e a t ,  

Tho o f f e o t  of  r a d i a t o r  t e m p o r a t u r e  may bo r o a d i l y  d e m o n r t r a t e d .  

By an onorgy b a l a n o o  o n  a vehic10 , tho  amount  o f  i n t e r n a l  d i r r i p a t i o n  

por u n i t  of p r i m a r y  rurfaoo r o d i a t o r  area t h a t  may be h a n d l o d  a a n  

bo oomputod. Tho o n r r g y  b a l a n c o  t a k i n g  i n t o  o o n r i d e r e t i o n  molar, 
s l b o d o  and o a r t h  t h o r m a l  r a d i t i t i o n  c a n  bo a p p r o x i m a t o d  f o r  t h o  h i g h  

noon p o r i t i o a  a0 

r h o r o  r i r  t h o  a l b r d o  o f  t h e  p l r n o t  

and 8 i r  tho r o l a r  ooartrnt  o f  t h o  p l a n o f  givon by Tab lo  ( l ) ,  ? i r  
tho  goornot r io  froCor f o r  rarth t h o r m r l  r a d i a t i o n  to t h o  v e h i c l e ,  Are 

i r  fho rrforeaao a r m  on rhiah F i r  b r o o d ,  a n d  A i r  t h e  p r o j e c t e d  

aroa i a  t h o  d i r r o t i o n  o f  t h e  nunr 
P 

Tho arximum i n t o r n a l  t he rma l  raorqy t h a t  may bo d i r r i p a t e d  

por unit primary ruriaor arm of a rphoriaal r o h i o l o  i r  rhorn in 
f f ~ u r o i  8s throu@h 37 f o r  thr f o u r  p l r n o t r  n o a r o r t  t h o  run  and  t h e  

moon a0 I, funotion of r l t i t u d o  w i t h  r a d i a t o r  rurfaae t e m p o r a t u r o  am 

t ho  p~ramofer. A prrotioal  r a t i o  of .a6 i r  arrured. Fi(;pro 33 
f o r  Yoroury, the  p l a n o t  norrert t h e  run, indioater that f o r  n e a r  

o r b i t r  r a d i a t o r  t o m p o r ~ t u r o r  of  4f  leart  700'B are required t o  

d i r r i p r t o  t h o  onoray t o  rpaoe. The o o n d l t i o n  a t  Venur l r  808eWhrt 
l o r r  r o v o r o  a n d  i r  r h o r n  in F i g u r e  34. 
8600R w i l l  aoCOmplfrh r p p r e c i a b l e  h e a t  dirriprtion. 

A radiator temperature of 

Pigaror 36, 36 and  37 f o r  t h e  ga r th ,  Hoon 8 Mar., r e s p e c t i v e l y  

i a d i c a t o  t h a t  i t  i s  p o s s i b l e  t o  d i s r i p a t e  c o n s i d e r a b l e  veh ic l e  heat 
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even w i t h  a r a d i a t o r  t e m p e r a t u r e  a s  low a s  500OB. For  n e a r  p l a n e t  

m i s s i o n s  f u r t h e r  away from the  s u n  t h a n  Mars, t h e  h e a t  d i s s i p a t i o n  

p o s s i b l e  i s  t h e  aame as f o r  f r e e  s p a c e  t h e  same d i s t a n c e  f rom t h e  

sun. 

The a l t e r n a t e  s o l u t i o n  t o  i n c r e a s i n g  h e a t  d i s s i p a t i o n  by  r a i s i n g  

r a d i , l t o r  t e m p e r a t u r e  i e  t o  uee d e p l o y a b l e  r a d i a t o r s .  Such a n  e x t e n d e d  

e u r f a c e  r a d i a t o r  may b e  o r i e n t e d  edgewise  t o  t h e  s u n  t o  e l i m i n a t e  

d i r e c t  s o l a r  h e a t i n g  on t h e  r a d i a t o r .  F i g u r e  38 shows t h e  e f f e c t  

of  o r i e n t a t i o n  on s u c h  a r a d i , i t o r  f o r  a v e h i c l e  i n  t h e  v i c i n i t y  of  

t h e  e a r t h .  The r a t i o  of e n e r g y  d i s s i p a t i o n  f o r  a f l a t  p l a t e  r a d i d t o r  

normal t o  t h e  euna r a y s  t o  t h e  e n e r g y  d i s s i p a t i o n  f r o m  a f l a t  p l a t e  

r a d i a t o r  o r i e n t e d  edgewise  t o  t h e  s u n s  r a y s  w i t h  % P .25 ,  

is p l o t t e d  vs a l t i t u d e  w i t h  r a d i a t o r  t e m p e r a t u r e  as  p a r a m e t e r .  T h i s  

f i g u r e  shows t h a t  o r i e n t a t i o n  w i t h  r e s p e c t  t o  t h e  sun h a s  a major 

e f f e c t  on d i s s i p a t i o n  a t  low r a d i a t o r  t e m p e r a t u r e s  and l o r  a l t i t u d e s .  

Ae r a d i a t o r  t e m p e r a t u r e  i n c r e a s e s , t h e  e f f e c t  of  o r i e n t a t i o n  var ies  

much l e s s  w i t h  a l t i t u d e  nil ! o r i e n t a t i o n  i s  n o t  r e q u i r e d  when t h e  

r a d i a t o r  t e m p e r a t u r e  i s  800°R o r  above .  

1 

= .90 

F i g u r e  39 shore t h e  r e l a t i o n  be tween  e n e r g y  d i s s i p a t i o n  of f l a t  

p l a t e  r a d i a t o r 8  in f r e e  s p a c e  as a f u n c t i o n  o f  t h e  s o l a r  c o n a t a n t  

w i t h  r a d i a t o r  t e m p e r a t u r e  a s  p a r a m e t e r .  These c u r v e s  are p l o t t e d  f o r  

a r a d i a t o r  w i t h  % = . 2 S  a n d  6 I .90 normal  t o  t h e  auns rays .  

O r i e n t a t i o n  w i t h  r e r p e c t  t o  t h e  sun p r o b a b l y  i s  u n n e c e s s a r y  u n t i l  

the r a d i a t o r  d i s s i p a t i o n  d e c r c a a e s  more t h a n  10s from t h e  maximum 

which  would b e  t h e  o r i e n t e d  edgewise  c o n d i t i o n .  The 10s s i t u a t i o n  

is i n d i c a t e d  by  t h e  d o t t e d  l i n e .  T h i s  f i g u r e  t h e n  shows t h a t  t h e  

h i g h e r  t h e  t e n i p e r a t u r e  of  t h e  r a d i a t o r  t h e  h i g h e r  t h e  s o l a r  c o n s t a n t  

may be  b e f o r e  o r i e n t a t i o n  becomes d e s i r a b l e .  F o r  a 50O0R r a d i a t o r  

t e m p e r a t u r e ,  o r i e n t a t i o n  i e  d e s i r a b l e  ou tward  from t h e  sun t o  Yare  

o r b i t .  Unless t h e  r a d i a t o r  t e m p e r a t u r e  i s  h i g h e r  t h a n  750°R, o r i e n t -  

a t i o n  i r  d e s i r a b l e  i n  t h e  v i c i n i t y  of t h e  e s r t h .  



. EBR-AN - 0 5 1 
Page  43 

From t h e  above  d i a c u a e i o n  i t  would a p p e a r  d e s i r a b l e  to use a 

v a p o r  c y c l e  r e f r i g e r a t i o n  sys t em so t h a t  t h e r m a l  e n e r g y  from e lec -  

t r o n i c  component8 c o u l d  be d i s s i p a t e d  t o  a p a c e  a t  e l e v a t e d  t e m p t r -  

a t u r e a  t h e r e b y  l i g h t e n i n g  t h e  r a d i a t o r  by  r e d u c i n g  t h e  a rea  r e q u i r e d .  

One of  t h e  i m p o r t a n t  p a r a m e t e r s  f o r  t h e  d e s i g n  o f  s u c h  a r e f r i g e r a t i o n  

ays t em would be t h e  head  pressures required as i n o r d i n a n t l y  h i g h  

p r e s s u r e s  would i n c r e a s e  t h e  w e i g h t  of t h e  eys tem and i n c r e a s e  l e a k -  

a g e  e s p e c i a l l y  i f  d e p l o y a b l e  r a d i d t o r s  a n d  c o n s e q u e n t l y  f l e x i b l e  

c o n n e c t i o n s  a r e  r e q u i r e d ,  I t  would aeem i n a d v i s a b l e  t o  u s e  p r e s s u r e s  

h i g h e r  t h a n  100 p s i a .  Sub-a tmoapher ic  r e f r i g e r a n t  ays tema would not 

e x h i b i t  t h e  t e r r e a t r i a l  p roblem o f  reverse l e a k a g e  s i n c e  i n  a s p a c e  

v e h i c l e  t h e  eys t em would o p e r a t e  i n  a vacuum, F i g u r e  40 shows t h e  

s a t u r a t i o n  p r e a r u r e - t e m p e r a t u r e  r e l a t i o n s  f o r  common v a p o r  r e f r i g e r a n t s  

t h a t  m i g h t  be a p p l i c a b l e  t o  a p a c e  a p p l i c a t i o n s  due t o  t h e i r  m o d e r a t e  

a n d  low p r e s s u r e  c h a r a c t e r i s t i c s  and  were e x t r a c t e d  f r o m  R e f e r e n c e  13. 

d 

The v a p o r  c y c l e  r e f r i g e r a t i n g  s y s t e m  may e i t h e r  be a d i r e c t  

s y s t e m  which would u s e  t h e  r a d i a t o r  am a c o n d e n s e r  o r  a two f l u i d  

a y r t e m  where t h o  c o n d e n s e r  would be a h e a t  e x c h a n g e r  t r a n s f e r i n g  

h e a t  t o  a c i r c u l a t i o n  f l u i d  f l o w i n g  i n  t h e  r a d i a t o r .  A m a j o r  d i s -  

a d v a n t a g e  of a v a p o r  c y c l e  s y s t e m  f o r  s p a c e  a p p l i c a t i o n s  i s  t h a t  it 

i r  a two p h s a e  r y r t e m  which p r e r e n t a  s e v e r e  p rob lems  in 8 c e r o - g r a v i t y  

f i e l d ,  I t  r h o a l d  a l r o  be  remembered t h a t  t h e  work t h a t  i a  u r e d  t o  

d r i r o  t h o  r e f r i g e r a t i o n  c y c l e  murt a l r o  be removed by t h e  sya tem ar 
h o r t .  T h o r o f o r o  i t  i r  d e r i r s b l e  t o  have  a h i g h  c o e f f i c i e n t  of p e r -  

formanoor 
dirrlprtioa may be oomputed from 

Tho r a d i a t o r  aroa r o q u i r o d  p e r  B t u / h r  of  i n t e r n a l  h e a t  

I 
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o r  in t e r m  of i d o a l  c y c l e  c o e f f i c i e n t  of  p e r f o m a n c o  

For o l o c t r o n l o  equ ipmen t  c o e l i n g ~ 4 0 O F  i r  (L r o a l i r t i c  t o m p o r e t u r o  

f o r  t h o  c o l d  p l a t e  o r  evaporator, 

and modora to  p r c r r u r o  r o f r i g e r m t r  have  boon c a l c u l a t e d  ar a f u n c t i o n  

o f  r a d i a t o r  a n d / o r  c o n d o n r o r  t e m p o r a t u r e  w i t h  T 

&ro r h o r n  in Piguro (41) ,  

opclo p a r a n o t o r r ,  

The r o f r i g o r a n t r  o o n r i d o t o d  were Uothy l  C h l o r i d o ,  F r e o n  113  and  

Froon 11 ar t h o r o  a r o  r o l a t i v e l y  n o n - t o x i c *  

i n d o p e n d o n t  of r o f r i g o r s n t  f o r  t h o r o  t h r o o  r o f r i g e r a n t r .  O r d i n a r i l y  

& 100-16O.F r iro  a c r o r r  a r i n g 1 0  r t a g e  r e f r i g o r a t f o n  r y r t o m  i r  t h o  

maximum t h a t  may be oxpec tod .  

Tho Ar/Q, f o r  t h r o o  aommon low 

am p a r a n o t o r  end  
@P 

R o a l l r t i c  v a l u o r  wore a r rumed for t h s  

80 yf = .3O, E ,9O, COpr' 1.0 7. * 9 0 * 7 e c  T d -  

Tho At/% war o r r e n t i a l l y  

A major o o n r i d o r a t i o n  18 tho t y p o  of c y c l e  d r i v o .  Tho loror  
prorruro r o f r i g o r a n t r  r r q u l r o  o o n t r i f u g a l  c o m p r o r r o r r  b e c a u r o  of t h o  

h i g h  rpoolflo t o l u m o r .  F r e o n  11 and 113 a r o  of t h o r o  t y p e r .  A 
h i q h o r  p r o r r u r o  r o f r i g e r a n t  like Mothy1 C h l o r i d o  e o u l d  u t i l i 8 0  a 

r o a i p r o o a t i n g  c o m p r o r r o r .  

b. f ixpendablo  B e f r i g e r a t i o n  

An i m p o r t a n t  method of  c o o l i n g  ( B e f e r e n c o  18) f o r  v e r y  

h i g h  peak  h e a t  d i s s i p a t i o n s  a n d / o r  short m i s s i o n s  i s  t o  u t i l i z e  an 

e x p e n d a b l e  r e f r i g e r a n t  b o i l i n g  a n d  v e n t e d  t o  s p a c e .  To min imize  

w e i g h t  s u c h  a r e f r i g e r a n t  s h o u l d  have a h i g h  l a t e n t  h e a t  of  vapor -  

i z a t i o n .  Water is one of the more eommon e x p e n d a b l e  refrigerants' 
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F o r  water  b o i l i n g  a t  . 2 5  psi (60OF) t h e  l a t e n t  h e a t  i e  1060 B t u / l b .  

The ra te r  r e q u i r e m e n t  would t h e n  be 11.36  # / h r / t o n  of r e f r i g e r a t i o n .  
I 

C. P e l t i e r  R e f r i g e r a t o r s  

P e l t i e r  c o o l i n g  ( R e f e r e n c e  14) h a s  become of i n t e r e s t  f o r  t h e  

c o o l i n g  of e l e c t r o Q i c  components  w i t h  t h e  a d v e n t  of s e m i - c o n d u c t o r s  

h a v i n g  s u i t a b l e  t h e r m o e l e c t r i c  p r o p e r t i e s .  The P e l t i e r  r e f r i g e r a t o r  

is e e s e n t i a l l y  a the rmocoup le  i n  reverse i . e .  by p a s s i n g  a c u r r e n t  

t h r o u g h  p o s i t i v e  and  n e g a t i v e  e l e c t r i c a l  c a r r i e r 8  one j u n c t i o n  can 

be d r i v e n  warmer t h a n  t h e  o t h e r  and t h . r m a l  e n e r g y  i s  t r a n s f o r m e d  

t o  a n d  t r a n s f e r r e d  by e l e c t r i c a l  energy. 

P e l t i e r  c o o l i n g  is p r a c t i c a l  o n l y  i n  v e r y  s p e c i a l  a p p l i c a t i o n s  

a o  ouch a ryotem r e q u i r e s  b o t h  a h i g h  e n e r g y  i n p u t  a n d  heavy e l e c -  

t r i c a l  c o n d a i t r  and, i n  a d d i t i o n ,  r e q u i r e 8  l a r g e  e q u i p m e n t  r a d i a t i o n  

&rear, e f f i c i e n t  i n t e r n a l  h e a t  t r a n s f e r ,  and r p e c i s l  l o c a t i o n 8  

w i t h  i n  t h o  v e h i c l e .  Tempera tu re  d i f f e r e n t i a l 8  a c r o o a  t h e  s y e t e m  

c a n n o t  be U r e a t e r  t h a n  30-40°F f o r  e f f i c i e n t  o p e r a t i o n .  P e l t i e r  

cooling o f f e r r  p r o m i s e  f o r  hCAt t r a n s f e r  w i t h i n  e l e c t r o n i c  p a c k a g e s  

b u t  many a d v a n c e s  would be r e q u i r e d  f o r  g e n e r a l  a p p l i c a t i o n  t o  

s p a c e  v e h i c l e s .  
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111 APPLICATION OF THERMAL CONTROL SYSTtCMS TO YARTICCZAR VEHICLES AND 

MISS IONS 

A. E r t i m r t o r  f o r  P r e r e n t  a n d  P r e d i c t e d  L l i s r i o n r  

Typer  of  m i r r i o n r  t h a t  have  been  a t t e m p t e d  o r  t h a t  may b e  

a t t e m p t e d  i n  t h e  f u t u r e  8 r o  l i s t e d  in T a b l e  4 i n c l u d i n g  a n  e r t i a a t e  

o r  ranger In i n t e r n a l  d i r s i p a t i o n  t h a t  may be  e x p o c t a d  o r  l r  p r e -  

d i o t o d  f o r  t h o r o  v e h i c l e r .  The i n t e r n a l  d i s s i p a t i o n  e r t i a a t e r  were 

p u b l i r h o d  i n  R e f e r e n c e  1. A l r o  i n d i c a t e d  i n  t h e  o r t i m n t o d  e q u i v a l e n t  

8 p h o r e  riee a n d  t o t n l  r u r f t l c e  a r e 8  o f  enoh of t h e r e  v e h i c l o r  a n d  i e  

a t  b o a t  o n l y  vory rough.  Wlth t h e r e  p r e d i c t i o n r  i t  i s  p o e r i b l e  t o  

c s t o g o r i e o  t h o  r e h i c l o r  r n d  m i r r i o n r  w i t h  r e r p e c t  t o  tho  o v o r a l l  

t h o r a r l  o o n t r o l  rya t em.  I t  io f n r t h o r  a r rumod t h a t  r i n a o  t h o r o  

v e h i o l o r  o o n t s i n  e l o a t r o n i o  componenta  c o m p r i r i n g  n l a r g e  p o r t i o n ,  

i f  n o t  t h e  m a j o r i t y  of t h e  h e a t  d i m r i p s t i o n ,  t h e  h o a t  m u r t  b e  ro- 
rorod i n t e r n a l l y  a t  40-800F. Vnlerr A h e a t  pump ryrtom i o  u t i l i r o d  

t h o  h e n t  m u r t  t h o n  u l t l m a t r l y  be r a d i t i t a d  t o  r p n a e  a t  a b o u t  5OOOB. 

Tablo (8 )  r h o w r  t h e  marlmum i n t e r n 8 1  d i r r i p a t i o a  d e n r l t y  t h a t  

r r y  bo diaolpatod f rom A rpherical v e h i c l e  w i t h  a n  i a o t h o r m a l  6000B 
rurfaco w i t h  

f o r  f r o e  r p r o o  mirsion in t h e  v i c i n i t y  o f  a g i v e n  p l b n e t .  Ua ing  t h o a e  

taluor t h o  mnxiauo r o q u i r o d  h e a t  d i r ~ i p n t i o n  n r o n  f o r  a g i v e n  m i s r i o n  

m d  r e h i c l o  woro c o ~ p u t o d  8nd are shown in T a b l o  4. 

p r i r n r y  r u r f a c o  h a r t  d i r r i p b t i o n  area f o r  e a c h  v e h i c l e  wnr e r t i m a t e d  

81 7S$ of t h e  t o t a l  aron f o r  F e l a t i v e l y  p n r s i v e  v e h i c l e r  r u o h  ne 

a r t e l l i t o r  and  p r o b e s ,  a n d  ar 50s of  t h e  t o t a l  n r e a  f o r  maneuverab le  

o r  powered v e h i c l e s  and Is rhorn i n  T a b l o  4. 

.28 f o r  o n e n r  p l n n e t  o r b i t  (H/R I .087) r n d  

The n v n i l n b l e  

In t h o r e  caror where t h e  r e q u i r e d  n r e a  w i t h  a 6000R s u r f a c e  

f 8  l a rger  t h a n  the a v s i l s b l e   rea, t w o  t h i n g r  may be d o n e  t o  i n c r e a s e  

t h e  d i s s i p a t i o n ,  E i t h e r  the s u r f a c e  t e m p e r a t u r e  may be increaeed 
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by u s i n g  a h e a t  pump s u c h  as v a p o r  c y c l e  r e f r i g e r a t i o n ,  o r  e x t e n d e d  

s u r f a c e  o r  d e p l o y a b l e  r a d i a t o r s  may be used .  

Use of  v a p o r  c y c l e  r e f r i g e r a t i o n  may p r a c t i c a l l y  be e x p e c t e d  

t o  r a i se  t h e  r a d i a t o r  t e m p e r a t u r e  t o  a maximum o f  600°H. T a b l e  5 

a l s o  s h o r e  t h e  maximum d i s s i p A t i o n  d e n s i t y  t h a t  c a n  be r a d i a t e d  

a t  t h i n  t e m p e r a t u r e  f rom a s p h ? r i c a l  v e h i c l e  f o r  a n e a r  p l a n e t  o r b i t  

( B / R  = .087) and f o r  f r e e  space m i s s i o n s  i n  t h e  v i c i n i t ?  o f  a 

g i v e n  p l a n e t .  U s i n g  t h e s e  v a l u e s  t h e  maximum r e q u i r e d  p r i m a r y  h e a t  

d i s s i p a t i o n  a r e a  f o r  a g i v e n  m i s s i o n  and  v e h i c l e  were computed and 

a r e  shown i n  T a b l e  4. The h i g h e r  r a d i a t o r  t e m p e r a t u r e  i s  seen  t o  

g r e a t l y  improve t h e  h e a t  d i s s i p a t i o n  p r o p e r t i e s  o f  t h e  v e h i c l e  b u t  

a t  t h e  c o e t  of w e i g h t  f o r  a r e f r i g e r a t i o n  system. 

T a b l e  ( 6 )  shows the maximum i n t e r n a l  d i s s i p a t i o n  d e n s i t y  t h a t  

may be r a d i a t e d  f rom a f l a t  r a d i t t o r  w i t h  an  i s o t h e r m a l  ( 

500°R r u r f a c e  w i t h  q~ I . 2 5  f o r  a n e a r  p l a n e t  m i s s i o n  a n (  

f r e e  s p a c e  mission. F i g u r e 8  a r e  s h o r n  f o r  a r a d i a t o r  n o n - o r i e n t e d ,  

normal  t o  s u n s  rays, and  f o r  a r a t l i a t o r  o r i e n t e d  edgewise  t o  t h e  sun .  

U s i n g  t h e s e  f i g u r e s  f o r  an o r i e n t e d  r a d i a t o r ,  Table 4 ahows t h e  de-  

p l o y a b l e  r a d i a t o r  a rea  r e q u i r e d  f o r  t h o s e  v e h i c l e s  where p r i m a r y  

rurfaao r a d i a t o r s  a t  500°R w i l l  n o t  s u f f i c e .  

An r t f o ~ p f  r i l l  bo mad0 t o  compare w e i g h t  increaoe due t o  

refr igorat ion ryrtom w i t h  w e i g h t  r a v i n g  of r a d i a t o r  due t o  increased.  

d irr ipat ion trmpersture. 

radiator r o q u i r o d  per Btu/hr o f  v e h i c l e  equipment heat  removal as 
a funation of d e p l o y a b l e  radiator temperature  and equivalent s p a c e  

tesporrture. 

Finurr (41) h88 a l r e a d y  rhown t h e  area of  
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T h e r e f o r e  v a p o r  c y c l e  r e f r i g e r a t i o n  d o e s  n o t  a p p e a r  t o  o f f e r  

a n y  w e i g h t  a d v a n t a g e s .  However, i n  s p i t e  o f  b e i n g  heavy ,  r e f r i g e r a t i o n  

may be d e s i r a b l e  i n  two s i t u a t i o n s .  The f i r s t  i s  t h a t  by u s i n g  

r e f r i g e r a t i o n ,  r a d i a t o r  t e m p e r a t u r e s  may be  i n c r e a s e d  p o s s i b l y  

e l i m i n a t i n g  t h e  need  f o r  d e p l o y a b l e  r a d i a t o r s  and  t h e  a t t e n d e n t  

r e l i a b i l i t y  and  l e a k a g e  p rob lems  i n  f l e x i b l e  c o n n e c t i o n s *  The 

s e c o n d  ie t h a t  as  m i s s i o n s  a p p r o a c h  t h e  s u n  i t  becomes i n c r e a s i n g l y  

i m p o r t a n t  t o  raise r a d i a t o r  t e m p e r a t u r e .  T h i s  i s  s e e n  i n  T a b l e s  5 

and  6. M i s s i o n s  i n  t h e  v i c i n i t y  o f  Mercury's o r b i t  w i l l a n d o u b t e d l y  

r e q u i r e  s p e c i a l  p r e c a u t i o n s  s u c h  as  r a d i a t i o n  s h i e l d i n g  a n d  i n -  

c r e a s e d  r a d i a t o r  t e m p e r a t u r e s .  From Tab le  5 i t  i s  seen t h a t  a low 

a l t i t u d e  m i s s i o n  t o  Mercury c a n  n o t  d i s s i p a t e  i n t e r n a l  h e a t  from 

t h e  v e h i c l e  s u r f a c e  e v e n  a t  600°R nor c a n  an o r i e n t e d  r a d i a t o r  

d i s s i p a t e  h e a t  a t  500°R as s e e n  f rom T a b l e  6. M i s s i o n s  i n  f r e e  s p a c e  

n e a r  Mercury '  s o r b i t  w i l l  d e f i n i t e l y  r e q u i r e  r a d i a t o r  o r i e n t a t i o n ,  

. 

B. C o n c l u s i o n s  on A p p l i c a t i o n  o f  Thermal C o n t r o l  Sys t ems  

Some g e n e r a l  c o n c l u s i o n s  may b e  drawn w i t h  r e s p e c t  t o  t h e  

a p p l i c a t i o n  o f  p a r t i c u l a r  t h e r m a l  c o n t r o l  s y s t e m s  t o  p a r t i c u l a r  

miss i o n r  . 
1. F o r  small e a r t h  s a t e l l i t e s  ( l e s e  t h a n  3' e q u i v a l e n t  s p h e r e  

d iam.)  w i t h  i n t e r n a l  d i s s i p a t i o n  densi t i c s  l e s s  t h a n  

48 B t u / h r - f t  

i f  t h e  a l l o w a b l e  o p e r a t i n g  t e m p e r a t u r e  r a n g e  is g r e a t e r  

t h a n  60°F. A c t i v e  m e c h a n i c a l  s u r f a c e  c o n t r o l  i m  g e n e r a l l y  

n e c e s s a r y  i f  a l l o w a b l e  o p e r a t i n g  t e m p e r a t u r e  r a n g e s  are less 

t h a n  500F. 

2 p a s s i v e  s u r f a c e  t h e r m a l  c o n t r o l  may be u s e d  

2. F o r  small and  l a r g e  earth s a t e l l i t e s  w i t h  i n t e r n a l  dissipa. 

t i o n  d e n s i t i e s  e x c e e d i n g  48 B t u / h r - f t 2  a n d  m i s s i o n  l e n g t h s  

l e s s  t h a n  10 h r s e  e x p e n d a b l e  r a t e r  r e f r i g e r a t i o n  is  de - 

s i r a b l e  f rom a weigh t  s t a n d p o i n t ,  
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3. For small o a r t h  r a t e l l i t o r  ( l e r q  t h a n  3' e q u i v a l e n t  

r p h e r o  d i a m o t e r )  with i n t e r n a l  d i r r i p a t i o n  d e n r i t i e r  
2 g r o a t e r  t h a n  48 B t u / h r - i t  

e x t e n d o d  o r  d e p l o y a b l o  r u r f a c o  r a d i a t o r r  are r e q u i r o d  

w i t h  a n  i n t e r n a l  a c t i v e  t r a n r f o r  f l u i d ,  p r o f o r r a b l y  a g a r  

much ar n i t r o g o n .  

a n d  rirrionr l o n g e r  then IO h r r .  

4. For l a r g e  unmanned e a r t h  r a t e l l i t e r  ( g r e a t o r  t h a n  3 '  

e q a i v a  1 en t d i  amo t e  r ) w i t h  In t o  rna 1 d i r r i pa ti on de na i t i e r 
l e r r  t h a n  48 B t u / h r - i t 2  i n t o r n a l  mars t r a n r f o r  i r  r e q u i r e d  

t o  t r a n r f o r  t h e  h e a t  t o  r u r f a c e  r a d i a t o r r . '  Again a g a r  

h e a t  t r a n r f e r  medium i r  p r o f o r t a b l o .  

Fer l a r l o  unmanned oarth r a t o l l i t o r  ( g r o a t o r  thrn 3' 
o q u i r a l e n t  d i a n o t o r )  w i t h  i n t e r n a l  d i r r i p a t i o n  don01 t i o r  

2 g r o a t o r  than 48 B t u l h r - i f  

i n t e r n a l  mami t r a n r f e r  i r  r e q u i r e d  a0 r o l l  ar d e p l o y a b l e  

r a d i a t o r r  . 

8 .  

a n d  l i i B i 0 1 k r  longor than 10 h r r .  

8 .  F o r  a11 mirrionr bo twern  Yorcury  a n d  Y a r r  r h e r o  d o p l o y a b l e  

r & d i r t o r r  aro r o q u i r o d  i t  18 d e r i r a b l o  t o  o r i o n t  t h o  

r a d i a t o r  odgowi re  t o  t h o  rua. Y i r r i o a r  furfhor f rom tho  

run than Yarr do  n o t  n r o d  r a d i a t o r  orionfat ien .  

7. For  v o h i c l o r  r e q u i r i n g  a p a c e  r t o r a a e  of cryogenio prop- 

o l l r n t r  f o r  periodr l o n g e r  t h a n  a b o u t  1 2  hrr. a c o m b i n a t i o n  

of i u l t i p l o  r a d i a t i o n  r h i e l d  i n r a l a t i o n r  a n d  v e h i c l e  

o r i e n t a t i o n  l r  a d v i r a b l e .  For r i s r i o n s  l e s r  t h a n  a b o u t  

12 h r r .  o r i e n t a t i o n  o n l y  may meet t h e  t h e r m a l  r e q u i r e m e n t s .  J 

8. Vapor c y c l e  r e f r i g e r a t i o n  a l t h o u g h  c r e a t i n g  a revere w e i g h t  

p e n a l t y  may be n e c e s s a r y  f o r  c l o r e  s a t e l l i t e  m i s r i o n s  t o  

Mercury as  t h e  only way t o  d i s r i p a t e  h e a t  n e a r  t h i s  planet 
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is t o  raiec  r a d i a t o r  t e m p e r a t u r e s  above t h e  o p e r a t i n g  

t e m p e r a t u r e  of  e l e c t r o n i c  equipment .  

9. F o r  v o h i e l o  a i r r i o a r  i n t o  t he  r i c l n i t y  of  t h o  Mercury  

o r b i t  and  c l o r e r  t o  t h e  run, d e p l o y a b l o  f l a t  r a d i s t o r r  

o r i o n t e d  odqowi re  t o  t h e  mud rayr a p p e a r  a d e q u a t e  f o r  

d i m r i p a t i n 8  h o 6 t .  A gar t r a n r f o r  r y s t o a  I s  r e q u i r e d  in- 
t e r n a l l y .  Tho v e h i c l e  body 8 h O U l d  be p r o t e c t e d  from r o l a r  

h o r t i n g  by i n r n l a t i o n .  Y o t a 1 , l l c  r a d i a t i o n  r h i e l d r  aro 

d o r l r a b l e  bocauro o f  high o q u i l i b r i n m  t a m p o r a t u r e r  en- 

ooun to rod .  

10. Unmrnnod o l o r o  m i r r l o n r  t o  Vonur w i l l  r o q n i r o  d o p l o y a b l o  

run o r i o n t o d  r r d i a t o r r  w i t h  6n I n t e r n a l  ga l  t r r n r f e r  r y r t o m  

f o r  r o h l o l o r  w i t h  d i r r i p a t i o n  d o n r i t i o r  g r o a t o r  t h a n  

14 Btu /h r - f t* .  

r o t l r o  moohsn ioa l  r u r f a o o  o o n t r o l  may bo a d e q u a t e .  

For  rmall low d i r r i p a t i o n  d o n r f t y  v o h l c l e r  

11, C l o r o  Lunar  v o h i a l o r  l o r r  t h a n  3 '  o q u l v a l o n t  r p h o r o  d i a m e t o r  
2 w i t h  d f r r i p e t i o n  d e n r i t i o r  1088 t h a n  43 B t a / h r - i t  

r o t i r o  m e o h r n i o a l  r u r f a o o  c o n t r o l  p r i m a r i l y  ar a p r e c a u t i o n  

t o  o f f r o t  ohangor  In  r a d i a t i o n  p r o p e r t i o r .  

r o q u i r o  

l a e  Largo tmmaanod l u n a r  r e h i c l o r  w i t h  d i r r i p a t l o m  d e n r i t i o r  

a r o r t o r  t h a n  43 B t u l h r - f  t 
a n d  i n t o r n r l  marr t r a n r f o r  r y r t o a r .  

2 w i l l  roquiro d o p l o y a b l e  r a d i e t o r r  

13. Bmall c l o r o  Yarr v e h i c l o r  w i t h  d i r r i p a t i o n  dOnritI .8 l o o r  
2 than 72 B t u l h r - i t  

c o n t r o l .  

rill b o r t  UIO a c t i v e  m e c h a n i c a l  r u r f a c o  
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14. La rge  unmanned Mars v e h i c l e s  w i l l  r e q u i r e  i n t e r n a l  mass 

t r a n s f e r  s y s t e m s  and surface o r  d e p l o y a b l e  r a d i a t o r 0  

d e p e n d i n g  on w h e t h e r  t h e  d i s s i p a t i o n  d e n s i t y  i s  l e s s  t h a n  
2 o r  g r e a t e r  t h a n  72 B t u j h r - i t  

15. M i s s i o n s  pas t  Mars w i l l  u n d o u b t e d l y  r e q u i r e  d e p l o y a b l e  

r a d i a t o r s  r n d  i n t e r n a l  mass t r a n s f e r  sys t em8  i n  v i e w  of 

t h e  r e l a t i v e l y  small  s i z e s  a n d  h i g h  d i s s i p a t i o n  rate. 

n c c e i a a r y .  

16. A l l  manned m i s s i o n s  w i l l  r e q u i r e  i n t e r n a l  mass t r a n s f e r  

s y s t e m s  p r e f e r a b l y  of  t h e  gas t y p e ,  G e n e r a l l y  surface 

r a d i a t o r s  w i l l  be a d e q u a t e  f o r  E a r t h  o r b i t a l  m i s s i o n s .  

L u n a r  l a n d i n g  a n d  circum-Mars or Venus m i e s i o n s  w i l l  

r e q u i r e  d e p l o y a b l e  r a d i a t o r s .  

17.  v e h i c l e s  embrac ing  h i g h  t e m p e r a t u r e  thermodynamic processes 

i n  n e a r l y  every c a s e  rill r e q u i r e  d e p l o y a b l e  r a d i a t o r s  a n d  

a s r o c i a t e d  mais t r a n s f e r  i y r t e m s .  In t h e s e  v e h i c l e s  

r a d i a t o r  o r i e n t a t i o n  i e  r e l a t i v e l y  u n i m p o r t a n t  as t h e  

r e d i a t o r  w i l l  n o r m a l l y  o p e r a t o  above  80O0R. 

Tho broad r o o p e  of thir  ropor t  h a 8  n o t  p e r m i t t e d  d e t a i l o d  dorign 
treatmen$ of  rproe thermal o o n t r o l  ryrtomr, howover, enough a n a l y t i c a l  

t r e r tmon t  h r r  been i n d i o e t e d  t o  p e r u i t  t h o  g o n e r a l  c a t o & o r i s i a &  of 
r eh iou l r r  thermal o o n t r o l  ryrtemr w i t h  r o r p e c t  t o  m i r s i o a i  t o  which t h e y  

are  a p p l i o e b l e .  

i 
i 
i 

I 
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. 
TABLE 2 

REPRESENTATIVE THERMAL RADIATION PROPERTIES OF COMMON 

ENGINEERING SUBFACES AT OR NEAR ROOM TEXPERATUBB 

Pinirh Tempe ra turo Normal Tot81 oc 
t 
- Range O F  Solar Htmi s phe r i cal 

Absorptivity Emisrivity 

Sherwin William8 Flat 
White Acrylic Paint 70-100 0.27 0.895 30 

Andrew Brown Co. Hi-Heat 
Alnmini zed Enamel 70-120 0.24 0.27 .89  

Fuller Paint Co. Dull 
Black Enamel 70-145 

Spcco,  Inc. Extra High 
Heat Gold Paint 70-120 0.43 0.52 0.83 

.010" Rokide "A* 
(Aluminam Oxide) 70-85 0.21 0.82 0.26 

.010" Rokide "2" 
(Zirconium Oxide) 70-100 0.39 0.86 0.45 

.010" Sprayed Pur. 
A1 urn i num 70-110 0.31 0.25 1.25 

Electro Plrtcd Gold 70-150 0.29 0.08 3.60 

Vacuum Deposited 
Gold Vapor Plate 70-150 0.26 0.11 2.35 

Vacuum Depeeited 
Aluminum Vapor Plate 70-150 0.24 0.10 2.40 

347 Stainless Steel 70-175 0.54 0.27 2.00 

Clean 7075 Aluminum 70-250 0.55 0.11 5.00 

4 
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TABLE 3 

FLUID TR4NSPORT PROPERTIES AND PUMPING POWER C(ILIPARTSONS FOR 
EQUIVALENT HEAT TlWNSFER 

- -~ ~~~~~ 

V i s c o e i t y  Denei ty  S p e c i f i c  Thermal Pout r 
l b / f t - h r  l b / f t 3  Heat Conduct iv i ty  Ratio 

C K R e l a t i v e  to 

Btu/lb-OF Btu/hr-f t - O F  Nitrogcn,P+ 
P 

Ni t rogen  
(1 a t m )  .0411 

Carbon D i o x i d o  
(1 a b )  . 0340 

Ammonia 
(1  .to) 0242 

(1  a t m )  .0430 

Hydrogen 
(1 ata)  . 0208 

N i  trogen 
(50 p r i a )  . 041 1 

Carbon 
Dioxide  
(50  p a i r )  . 0340 

Aaeon i 
(60 paia)  . 0242 

Haliua 
(so poi.) .0436 

Hydrogen 
( 8 0  p a i r )  .0208 

Water 2.06 

,0743 

.1170 

e0425 

,0100 

.0063 

.253 

.117 

0426 

.Os6 

.016 

02.4 

.25 

21 

62 

1.26 

3.60 

25 

.21 

. 62 

1.26 

3-50 

1 .o 

.0145 

.0091 

. 0130 

.0844 

.1109 

.0145 

.0091 

-0136 

. 0844 

.1109 

.353 

1 .o 

00 

.47 

.142 

025 

.087 

.086 

. 041 

.0124 

.0022 

1.9 
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TABLE 5 

UXIMLU ALLOWABLE INTBRNAL DISSIPATION DENSITY QG/AT TWT CAN 
BE RADIATED FROM A SPHERICAL VEHICLE 

Planet 

Mercury 

Venua 

Earth 

Moon 

Mars 

Jupiter 

Sa turn-P1 u to 

jOOoR Radiator Temperature 

Jear Planet 
I/R= 087 

1 Btu/hr-ft 2 

14 

48.6 

43.5 

76 

95 

97 

In Vicinity 

0 Btu/hr-it2 

49.5 

72.3 

72.3 

85 

96 

97 

600°R Radiator Temperature 

Near Planet 
H/R=. 087 

0 Btu/hr-ft2 

120 

158 

150 

180 

197 

20 1 

In Vicinity 
of Planet 

3 6 t 2  Btu/hr-f 

155 

175 

178 

191 

200 

20 1 
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T A B U  6 

MAXIMUM ALU)WABLE INTERNAL DISSIPATION DENSITY Q,/AT THAT CAN 

Bl3 RADIATED FROM A DEPLOYABLE FLAT PLATE RADIATOR AT 500.E 

Planet 

Ye rc arfr 

Earth 

Moon 

Jupitor 

Sa turn-Pluto 

Normal to  Sun's ROYS 

Near Planet 
H/E = .087 

0 Btu/hr-ft' 

0 

17.9 

6. 

69 

96 

97 

I n  Vicinity 
of Planet 
H) 6R 

0 Btu/hr-it2 

2 

46.7 

47.4 

76.0 

97 

97 

Edgewise t 6  Sun'!! U y r  

Ne8r P l a n e t  
H/R = .087 

0 Btu/hr-ft2 

67.S 

76.0  

73 . 
87 

96.6 

97 

In  Vic in i ty  

9 1 t 2  Btn/hr-f 

97 

97 

97 

97 

97 

97 
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